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EXECUTIVE  SUMMARY 


Research  was  carried  out  to  improve  understanding  of  the  complex  properties  relating  to  the 
resilient  and,  particularly,  the  permanent  deformation  characteristics  of  granular  materials  under 
repeated  load  and  to  determine  how  these  prqierties  could  be  improved  by  allowing  the  material  to 
achieve  maximum  compacted  density.  The  latter  condition  is  believed  to  result  in  better  mechanical 
performance  of  the  granular  material  needed  for  heavy  loading  situations.  Emphasis  was  also 
placed  on  understanding  the  role  of  reversed  shear  stresses  and  the  associated  rotating  principal 
planes,  which  result  from  loading  by  a  moving  wheel  load.  To  this  end,  a  substantially  modified 
repeated-load  Hollow  Cylinder  Test  Apparatus  (HCA)  was  developed  and  used. 


A  grading  design  procedure  which  allowed  convenient  characterization  of  continuous  gradings  and 
offered  a  simple  and  repeatable  means  of  carrying  out  the  design  tests  for  maximum  density  was 
proposed.  The  mechanical  properties  of  a  dry  dolomiiic  limestone  with  a  designed  high-density 
grading  and  those  with  a  standard  British  Depanment  of  Transport  Type  1  grading  were  studied 
under  various  laboratory  simulated  stress  conditions.  Results  of  the  study  indicated  that  high 
density  leads  to  slight  improvement  in  resilient  properties  but  a  large  improvement  in  permanent 
deformation  resistance  under  repeated  load. 

The  effect  of  reversed  shear  stress  caused  by  a  moving  wheel  load  was  studied  in  large-scale 
experiments  using  two  wheel  tracking  facilities.  The  Slab  Test  Facility  was  adapted  to  allow 
optional  repeated  vertical  plate  loading  without  shear  stress  reversal,  whilst  in  the  larger  Pavement 
Test  Facility  (PTF),  experiments  were  carried  out  with  both  unidirectional  and  bidirectional  wheel 
loadings.  The  effect  of  shear  reversal  was  further  studied  in  laboratory  element  tests  by  means  of 
the  repeated-load  HCA  and  triaxial  tests  . 

Results  of  the  study  indicated  that  the  resilient  behavior  is  not  significantly  affected  by  shear  stress 
reversal  and  that  the  resilient  shear  strain  model  developed  from  triaxial  testing  is  sufficiently 
accurate  for  pavement  analysis.  However,  both  the  magnitude  and  rate  of  development  of 
permanent  strain  increase  when  reversed  shear  stresses  are  applied.  Bidirectional  reversed  shear 
stresses  were  shown  to  result  in  higher  permanent  strain  than  unidirectional  ones. 

To  provide  validation  for  the  findings  from  the  HCA  tests,  a  pilot  scale  experiment  involving  two 
fully  instrumented  flexible  pavement  sections  was  performed  in  the  Nottingham  PTF.  The 
objectives  of  the  experiment  were  limited  by  the  complex  stress  conditions  existing  in  the  granular 


base  and  the  number  of  instruments  which  could  be  installed  in  the  test  sections.  Nevertheless,  the 
results  of  the  experiment  were  generally  satisfactory  and  provided  strong  support  for  the  use  of  the 
repeated-load  HCA  in  future  research. 


The  use  of  an  HCA  in  the  current  research  necessitated  a  major  effort  on  the  development  of  both 
laboratory  equipment  and  testing  technique.  As  a  result,  a  versatile  piece  of  testing  apparatus  which 
offers  valuable  opportunities  for  study  of  the  fundamental  behavior  for  soil  and  granular  materials 
is  now  available. 
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SECTION  I 


INTRODUCTION 


A.  OBJECTIVES 

The  objectives  of  this  project  were  to  understand  the  ctnnplex  propenies  relating  to  the 
resilient  and,  particularly,  the  permanent  deformation  characteristics  of  granular  materials  under 
repeated  loading  and  to  determine  how  these  properties  could  be  improved  by  allowing  the  material 
to  achieve  maximum  compacted  density.  The  laner  condition  is  believed  to  result  in  bener 
mechanical  performance  of  the  granular  material  needed  for  heavy  loading  situations.  An  important 
emphasis  of  the  project  was  placed  on  understanding  the  role  of  reversed  shear  stresses  and  the 
associated  rotating  principal  planes,  which  result  from  loading  by  a  moving  wheel.  A  significant 
pan  of  this  investigation  concentrated  on  the  use  of  a  substantially  modified  repeated-load  Hollow 
Cylinder  Apparatus  (HCA).  The  performance  of  this  testing  device  and  its  ability  to  simulate  wheel 
traffic  also  formed  an  important  pan  of  the  research. 


B.  BACKGROUND 

The  idea  of  using  a  mechanistic,  rather  than  an  empirical,  approach  to  flexible  pavement 
design  has  resulted  in  the  need  for  better  knowledge  of  the  behavior  of  all  materials  used  in 
pavement  construction.  When  thin  or  low-stiffness  bituminous  layers  are  combined  with  heavy 
wheel  loads,  the  behavior  of  granular  bases  and  their  role  in  providing  structural  suppon  and 
contributing  to  the  long-term  serviceability  of  the  pavement  become  important. 

Research  into  the  behavior  of  granular  material  in  pavements  has  attracted  a  great  deal  of 
world- wide  attention.  Great  progress  has  been  made  during  the  past  20  years  in  the  understanding 
and  mathematical  modelling  of  the  resilient  stress-strain  behaviOT  of  granular  materials  (1).  This 
has  led  to  some  successes  in  the  analysis  of  the  elastic  behavior  of  pavements  with  granular  bases 
(2,3).  However,  characterization  of  the  permanent  deformation  behavior  which  is  related  to  rut 
formation  remains  as  a  difficult  challenge. 

The  most  commonly  used  laboratory  device  has  been  the  repeated-load  triaxial  test 
apparatus.  A  cylinder  of  material  is  subjected  to  two  stress  components;  a  confining  stress  through 
a  surrounding  compressed  medium  and  a  vertical  stress.  Despite  its  relative  simplicity,  the 
limitations  of  stress  conditions  that  can  be  applied  to  the  cylindrical  specimen  are  rather  severe. 
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Figure  1  shows  the  stress  conditions  imposed  on  a  vertically  CHienuted  element  of  granular  material 
by  a  moving  wheel  load.  It  indicates  that  for  each  passage  of  the  wheel,  there  is  a  corresponding 
reversal  in  the  direction  of  the  shear  stress  on  the  vertical  and  horizontal  planes.  An  opposite  sense 
of  shear  reversal  will  occur  if  the  wheel  travels  in  the  other  direction.  The  combination  of  venical 
and  horizontal  stress  can  be  reproduced  in  the  repeated-load  triaxial  test  when  both  the  deviator  and 
confining  stresses  are  cycled.  However,  the  reversal  of  shear  stress  requires  an  apparatus  which 
can  apply  this  mode  of  stress  direcdy  to  the  boundaries  of  the  specimen.  Various  devices,  such  as 
the  Cyclic  Simple  Shear  Apparatus  (4)  and  the  Directional  Shear  Cell  (S)  emerged  over  the  years. 
Nonetheless,  one  of  the  most  promising  methods  is  believed  to  be  the  Hollow  Cylinder  Apparatus. 
With  it,  a  repeated  torsion  can  be  applied  to  a  hollow  thin-walled  cylinder.  If  the  hollow  cylinder  is 
at  the  same  time  subjected  to  an  axial  stress  and  a  lateral  stress  over  both  the  inner  and  outer 
cylinder  face,  then  the  stress  conditions  imposed  on  an  element  of  material  along  the  wall  of  the 
cylinder  will  be  similar  to  those  shown  in  Figure  1. 

Because  of  the  added  ability  to  apply  the  reversed  shear  stress,  an  HCA  can  allow  tests  to 
be  carried  out  within  a  much  wider  and  more  flexible  stress  regime.  More  imponantly,  it  can 
simulate  the  in  situ  stress  conditions.  Hence,  it  will  provide  much  stronger  support  for  the  longer- 
term  objective  of  modelling  the  behavior  of  granular  material  with  respect  to  its  response  to  wheel 
loading  in  a  pavement. 


Despite  shortcomings  in  understanding  of  the  complex  stress-strain  behavior  of  granular 
bases,  when  properly  specified  and  carefully  constructed  they  have  been  successful!)  used  under  a 
wide  variety  of  conditions  to  give  both  good  performance  and  excellent  economic  benefits.  One 
example  can  be  found  in  the  use  of  high-density  crushed  stone  layers  in  road  construction  in  South 
Africa  (6)  where  stiff  pavements  able  to  carry  heavy  traffic  have  resulted. 

The  effect  of  density  on  granular  material  behavior  has  been  studied  by  many  researchers. 
The  general  conclusions  were  that  high  density  led  to  both  increase  in  resilient  stiffness  (7,8,9)  and 
permanent  deformation  resistance  (10,1 1).  These  findings  further  highlight  the  potential  of  using 
one  of  the  many  versions  of  granular  materials  in  roadbase  construction.  However,  to  avoid  the 
pitfalls  and  problems  which  can  be  associated  with  granular  materials,  it  is  essential  to  obtain  a 
better  understanding  of  their  behavior  under  various  conditions. 
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b .  Variation  of  Stresses  with  Time. 


Figure  1.  Stresses  'nduced  by  a  Moving  Wheel  Load  on  a  Vertically  Oriented 
Element  of  GranuLv  Material. 
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c. 


APPROACH  AND  SCOPE 


The  compactibility  of  granular  materials  is  strongly  influenced  by  the  aggregate  grading. 
Therefore,  to  obtain  high  density,  the  densest  grading  for  a  particular  source  of  aggregate  was 
identified  by  means  of  a  proposed  grading  design  procedure.  The  behavitn’  of  the  densely  graded 
granular  material  was  then  studied  under  various  laboratory  simulated  stress  conditions.  These 
conditions  were  separated  into  those  which  involved  rotation  of  principal  stress  planes,  such  as 
those  fi'om  a  moving  wheel  load,  and  those  which  did  not,  such  as  those  from  a  repeated  venical 
load  applied  on  a  stationary  wheel  or  the  repeated-load  triaxial  test  apparatus.  The  effect  of  reversed 
shear  stresses,  principal  plane  rotation  and  intermediate  principal  stresses  were  further  studied  by 
means  of  a  repeated-load  HCA  on  a  scaled  down  version  of  the  same  granular  material.  In  order  to 
provide  validation  for  the  findings  from  the  HCA  tests,  a  pilot  scale  experiment  involving  two 
fully-instrumented  flexible  pavement  sections  was  performed  in  the  Nottingham  Pavement  Test 
Facility  (PTF). 

The  use  of  an  HCA  necessitated  major  effort  on  the  development  of  both  laboratory 
equipment  and  testing  technique.  Funhermore,  improvement  to  the  data  acquisition  system  was 
carried  out  on  both  the  repeated-load  triaxial  test  apparatus  and  the  PTF. 

This  repon  is  divided  into  nine  sections.  Section  II  repons  the  findings  of  the  grading 
investigation  and  the  results  of  the  performance  tests  on  the  high  density  granular  materials. 
Section  III  describes  the  program  and  results  of  the  large-scale  rutting  tests.  Sections  IV  to  VI 
describe,  in  detail,  the  modified  repeated-load  HCA,  the  test  program  and  the  results  respectively. 
Section  VII  reports  on  the  validation  tests  carried  out  in  the  PTF.  Section  Vlll  summarizes  the 
accomplishments  and  the  conclusions  from  the  project  and,  finally.  Section  IX  recommends 
further  research. 
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SECTION  II 


GRADING  INVESTIGATION 
AND 

PERFORMANCE  OF  HIGH-DENSITY  GRANULAR  MATERIAL 


A.  INTRODUCnON 

The  purpose  of  the  gradation  design  in  this  project  was  mainly  to  achieve  a  maximum 
compacted  density  for  the  granular  material  concerned  which,  in  turn,  is  believed  to  result  in  bener 
mechanical  properties.  This  approach  assumes  that  the  drainage  capacity  of  the  granular  base, 
which  may  be  reduced  as  a  result  of  high  density  can  be  supplemented,  in  practice,  by  the 
provision  of  adequate  drainage  at  layer  boundaries  and  a  good  road  surface  maintenance  program 
to  prevent  build-up  of  moisture  within  the  layer.  Various  empirical  and  analytical  grading  design 
methods  were  reviewed  during  this  project  (12).  The  mOTe  theoretical  and  probably  more  accurate 
method  used  by  Lees  (13)  was  considered  too  complex  and  impractical.  A  balance  was  struck 
between  the  use  of  complex  test  methods,  such  as  Lee’s  and  the  degree  of  accuracy  of  the  design  ( 
i.e.  the  closeness  to  the  grading  which  produces  the  theoretical  maximum  density).  More  emphasis 
was  placed  on  the  repeatability  and  simplicity  of  the  method  which  would  allow  potentially  large 
numbers  of  tests  to  be  carried  out  efficiently.  To  this  end,  a  procedure  involving  the  use  of  the 
British  Standard  BSS83S  (14)  method  for  the  standard  vibrating  hammer  test  and  Fuller's  grading 
curves  (15)  was  adopted. 

A  high-quality  dolomitic  limestone,  widely  used  in  British  highway  construction,  was 
chosen  as  the  main  testing  material.  A  maximum  particle  size  of  38  mm  was  used  both  in  the 
grading  investigation  and  the  subsequent  performance  tests. 


B.  GRADING  INVESTIGATION 

The  design  parameter  was  “n”  used  in  the  Fuller's  equation  shown  as  foUows;- 

P=100^|J  (1) 

where  P  =  percentage  finer  than  sieve  size  d 
D  =  maximum  particle  size 
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n  -  reai  positive  number  less  than  one 


Four  gradings  with  “n”  equal  to  0.35,  0.4,  0.45  and  0.5  were  used  in  the  grading 
investigation.  In  addition,  three  gradings  which  represent  the  fine,  middle  and  coarse  side  of  the 
grading  envelope  for  the  British  Standard  Type  1(16)  subbase  material  were  included.  Despite 
their  continuous  shape,  these  gradings  generally  did  not  satisfy  Equation  (1),  hence,  their 
characterization  could  only  be  made  by  means  of  an  approximated  “n”  value.  The  seven  gradings 
used  are  plotted  in  Figure  2.  All  the  samples  used  in  the  investigation  were  reconstituted  from 
seven  size  fractions  to  ensure  that  the  target  gradings  were  achieved. 


1 .  Compaction  Tests  for  Grading  Design 

The  compaction  apparatus  and  the  test  method  used  are  specified  in  the  British 
Standard  BS5835  (14)  for  the  standard  vibrating  hammer  test.  Details  of  the  compaction  mold  are 
illustrated  in  Figure  3.  Compaction  on  the  2.5  kg  specimens,  which  were  dry,  was  provided  by  a 
900  Watt  vibrating  hammer.  For  each  of  the  Fuller’s  gradings,  three  tests  were  performed  for  each 
of  the  two  compactive  efforts,  namely  180  and  360  seconds  of  compaction  time.  For  the  three 
gradings  from  the  British  Standard,  only  one  compactive  effort  (180  seconds)  was  used 


2 .  Results  of  Compaction  Tests 

The  average  compacted  densities  for  samples  of  the  various  gradings  are  plotted  in 
Figure  4  against  their  “n”  values.  The  results  indicate  that  a  peak  density  for  the  two  compactive 
efforts  can  be  obtained  within  the  range  of  “n”  value  studied.  Figure  4  shows  that  as  compactive 
effort  increases,  there  is  a  shift  of  the  high  density  grading  towards  the  coarse  side  (i.e.,  higher 
“n”).  Based  on  the  results  from  the  higher  compactive  effort,  it  appears  that  the  grading 
corresponding  to  the  highest  density  for  the  dolomitic  limestone  has  a  Fuller’s  “n”  value  of  about 
0.39.  The  coefficient  of  uniformity  corresponding  to  this  grading  is  about  1(X).  The  test  results  for 
the  lower  compactive  effort  indicated  that  as  much  as  7  percent  increase  in  dry  density  could  be 
obtained  when  a  designed  grading,  compared  with  a  standard  grading,  was  used. 
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Ntxe;  T1-F,T1-M  and  Tl-Crqncsent  the  Fine,  Middle  and  Coarse  pans 
respectively,  of  the  grading  envelop  for  the  British  Type  1. 


Figure  2.  Gradings  used  in  the  Investigation  of  High-Density  Grading. 
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b)  'EXPLODED'  VIEW 


Figure  3.  Details  of  Compacrion  Mold  used  in  Grading  Investigation. 
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DRY  DENSITY  (kg/m 


Figure  4.  Variation  of  Compacted  Dry  Density  with  Fuller’s  Grading  Parameter  n. 
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c. 


PERFORMANCE  OF  HIGH  DENSITY  GRANULAR  MATERIAL 


It  spears  useful  to  determine  if  there  are  benefits  in  using  a  specially  designed  high-density 
grading,  such  as  the  cme  obtained  in  this  project,  against  one  which  is  readily  available,  perhaps  as 
“crusher  run.”  To  this  end,  the  mechanical  properties  of  two  differently  graded  materials,  one  with 
a  Fuller’s  “n”  of  0.4  ( identified  as  “optimum  ,  and  the  other  a  standard  “as  supplied”  British  Type 
1  subbase  grading,  were  studied.  The  investigation  on  insitu  properties  was  performed  with  large 
containers  and  in  test  pits  with  granular  materials  compacted  by  heavy  industrial  type  compactors. 
Two  subgrade  conditions,  one  stiff  and  one  soft,  were  useid  to  enhance  the  scope  of  the 
investigation.  The  mechanical  properties  that  were  determined  in  this  project  included  the  dry 
density  obtained  from  the  Nuclear  Density  Meter  (NDM),  the  California  Bearing  Ratio  (CBR) 
obtained  from  plate  bearing  tests,  the  Clegg  Impact  Value  (CIV)  from  the  Clegg  hammer  tests,  the 
penetration  resistance  from  the  dynamic  cone  penetrometer  tests.  A  description  of  these  pieces  of 
apparatus  is  reported  elsewhere  (17). 

Response  of  the  two  granular  materials  to  repeated  load  was  further  investigated  by  means 
of  a  repeated- load  triaxial  test  apparatus,  which  was  capable  of  testing  specimen  of  150  mm 
diameter.  The  apparatus  is  described  in  Appendix  A. 


1 .  Results  of  Insitu  Performance  Tests 

A  comparison  of  the  performance  data  for  the  compacted  materials  is  shown  in 
Figure  5.  On  average,  despite  the  scatter  of  data,  the  optimum-graded  material  is  shown  to  have 
better  properties.  The  most  obvious  impro\  cment  due  to  the  dense  grading  comes  from  the  DCP 
tests  which  generally  involve  the  entire  thickness  of  the  compacted  layer.  An  average  of  about  30 
percent  increase  in  penetration  resistance  was  recorded.  For  the  Plate  Bearing  and  NT)M  tests 
which  were  carried  out  on  the  surface  of  the  material,  average  improvements  of  9  and  2  percent 
were  recorded  respectively.  Most  results  indicate  that  stiff  subgrade  conditions  generally  lead  to 
better  performance  because  of  the  increase  in  dry  density  due  to  the  stiffer  suppon  conditions 
during  compaction. 


2 .  Results  of  Repeated-load  Triaxial  Tests 

Two  series  of  tests,  one  on  the  optimum-graded  and  the  other  on  the  standard  Type 
1  graded  dolomitic  limestone  were  carried  out.  In  each  series  ,  two  sets  of  elastic  stiffness  tests, 
which  involved  20  stress  paths,  and  two  permanent  strain  tests  at  an  identical  stress  level  were 
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DRY  DENSITY  (Kg/m3) 


3300 


TO 


Stiff 

^  Subgraae 


Soft 

Subgrade 


a.  Nuclear  Density  Meter  Tests  b.  Plate  Bearing  Tests 


c.  Qegg  Hammer  Tests  d.  Dynamic  Cwic 

Penetrometer  Tests 


Figure  5.  Comparison  of  Results  of  In  Situ  Performance  Tests  carried  out  on 
Optimum  Graded  and  Standard  British  Type  1  Graded  Dolomitic 
Limestone. 
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performed.  The  stress  paths  used  are  shown  in  Figure  6.  For  the  permanent  strain  tests,  up  to 
10,000  stress  cycles  at  a  frequency  of  1  Hz  were  applied  to  the  test  samples. 

Both  the  average  resilient  and  permanent  axial  and  radial  strains  were  measured 
during  the  tests.  However,  strains  are  more  appropriately  expressed  in  terms  of  the  shear  and 
volumetric  invariants,  £$  and  Cy,  which  in  triaxial  conditions  are  defined  as:- 


es  =  I  (ei  -  £3)  (2) 

ey  =ei  +2£3  (3) 


where  ei  and  E3  are  principal  strains. 

The  corresponding  stress  invariants  for  £s  and  Ey  are  q  and  p'  respectively  where: 


q  =  or  -  03’  (4) 

p’  =  ^  (01'  +  203’)  (5) 

where  Oi’  and  03'  are  principal  effective  stresses. 

To  summarize  the  stress-strain  relationships  of  the  granular  materials  tested,  the 
mathematical  contour  model  proposed  by  Pappin  (18)  and  modified  by  Jouve  et  al.  (19)  was  used. 
The  nxxlel  involves  use  of  the  following  equations:- 


q 

(6) 

^(£s)f 

=  Gi  p- 

(7) 

(8) 

(£v)r 

K, 

(9) 

i'  ■  P 
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where  p',  q,  EsOndEv  are  as  defined  earlier. 

G  is  the  resilient  shear  modulus 

Gi  and  m  are  the  shear  strain  coefficients 

K  is  the  resilient  bulk  modulus 

K],  n  and  p  are  the  volumetric  strain  coefficients 


Since  m,n  and  ^  are  parameters  mainly  related  to  the  material  type,  the  same  values 
can  be  used  for  both  the  Type  1  and  optimum- graded  material.  As  a  result,  the  comparison  between 
the  two  differendy  graded  materials  depends  (Mily  on  the  values  Gi  and  K].  Higher  values  indicate 
a  stiffer  material.  The  comparison  is  shown  in  Table  1 ,  which  indicates  that  the  coefficients  for 
both  materials  are  similar  in  magninide  with  the  optimum  graded  material  having  a  slighUy  higher 
stiffness  than  the  Type  1  material. 

The  average  permanent  shear  and  volumetric  strains  for  the  two  materials  are  shown 
in  Figure  7.  The  results  indicate  that  much  less  permanent  strain,  both  shear  and  volumetric,  was 
obtained  ^’•om  the  denser  samples.  The  improvement  in  the  permanent  deformation  behavior  for 
the  denser  optimum  grading  is  more  ^parent  than  that  from  the  resilient  strain  tests.  Figure  7  also 
indicates  that  the  permanent  volumetric  strain  for  both  materials  is  of  the  dilatant  type  which  is 
predicted  for  high-density  material. 


D.  DISCUSSION 

Despite  the  general  improvement  in  density  and  other  mechanical  propenies,  no  claim  to 
superiority  should  be  made  for  the  optimum  grading  if  conditions  are  outside  those  used  in  the 
tests.  These  conditions  can  include  changes  in  material,  moisture  content  or  maximum  particle 
size.  Under  these  changes,  new  design  tests  have  to  be  performed.  In  design  tests  for  typical 
pavement  materials  with  a  maximum  particle  size  of  38  mm,  the  use  of  Fuller's  "n"  value  between 
0.35  and  0.5,  a  coefficient  of  uniformity  of  80  to  100  and  a  fines  content  ( percent  passing  the  75 
|zm  sieve)  of  less  than  10  percent  should  provide  a  good  starting  point  for  determination  of  the 
optimum  grading. 

The  observed  improvement  may  be  partly  due  to  the  use  of  a  dense  grading  in  a  relatively 
dry  condition  where  suction  or  negative  pore  pressure  will  develop,  hence  effectively  increasing 
strength,  stiffness  and  resistance  to  repeated  load.  Conversely,  in  situations  where  the  moisture 
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AVERAGE  PERMANENT  STRAIN  (MILLISTRAIN) 


— Avc.  Permanent  Shear  Strain,  Type  I  Grading. 

— •*—  Ave.  Permanent  Volumetric  Strain,  Type  I  Grading. 

— Ave.  Permanent  Shear  Strain,  Optimum  Grading. 
Ave.  Permanent  Volumetric  Strain,  Optimum  Grading. 


Figure  7.  Variation  of  average  Pcnnanent  Strains  with  Number  of  Loading  Cycles 
in  Repeated  Load  Triaxial  Tests  on  Optimum  Graded  and  Standard 
British  Type  1  Graded  Dolomitic  Limestone. 
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SECTION  III 


LARGE-SCALE  RUTTING  TESTS 


A.  INTRODUCnON 

As  shown  in  Figure  1  of  Section  one,  the  stress  conditions  imposed  on  an  element  of 
granular  material  by  a  moving  wheel  load  are  extremely  complex.  For  each  passage  of  the  wheel, 
principal  plane  rotation  occurs  as  a  result  of  the  reversed  shear  stresses.  At  the  present  time,  there 
are  very  few  pieces  of  equipment  capable  of  simultaneously  applying  the  stress  patterns  shown  in 
Figure  1  onto  a  test  specimen.  Although  large  amounts  of  data  were  obtained  from  the  repeated- 
load  triaxial  tests  (10,11,18,20),  the  latter  only  correctly  simulates  the  in  situ  stress  conditions 
underneath  a  circular  plate  which  is  repeatedly  loaded  vertically.  Examination  of  this  mode  of 
loading  in  large  scale,  which  does  not  involve  the  application  of  reversed  shear  stresses  is  needed 
to  establish  the  difference  in  behavior,  particularly  in  the  development  of  permanent  strains, 
compared  with  that  due  to  wheel  loading. 

Examination  of  the  difference  in  the  permanent  deformation  behavior  of  granular  material 
due  to  unidirectional  and  bidirectional  wheel  loading  also  appears  to  be  desirable.  In  practice,  all 
traffic  travels  in  the  same  direction  over  the  pavement  (i.c.  unidirectional).  However,  bidirectional 
loading  is  usually  adopted  for  wheel  tracking  experiments  to  bring  about  failure  of  the  test 
pavement  in  a  reasonable  period  of  time.  Since  the  shear  stress  reversal  conditions  differ,  an 
understanding  of  the  different  response  of  the  material  is  needed. 

This  chapter  describes  an  investigation  which  is  aimed  at  highlighting  the  effect  of  reversed 
shear  stresses  on  permanent  deformation  of  granular  materials.  To  tackle  the  problem  caused  by  the 
difference  between  repeated  vertical  and  moving  wheel  loading,  the  Nottingham  Slab  Test  Facility 
(STF)  was  used.  For  the  problem  involving  uni-  and  bidirectional  wheel  loading,  the  Nottingham 
PTF  was  employed. 

The  same  dolomitic  limestone  and  gradings  used  in  the  tests  described  in  Section  II  was 
used.  An  open-graded  carboniferous  limestone  was  also  used  in  the  PTF  tests.  The  grading 
envelopes  of  these  materials  are  shown  in  Figure  8.  The  three  materials  enabled  a  range  of 
compacted  densities  to  be  achieved. 
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PERCENTAGE  PASSING  (%) 


Figure  8.  Grading  Envelopes  of  Granular  Materials  used  in  Large-Scale  Rutdng 
Tests. 


19 


B.  TEST  FACnJTIES  AND  EXPERIMENT  PRCXjRAM 


1 .  Slab  Test  Facility 

The  Nottingham  STF  was  originally  used  to  evaluate  the  deformation  resistance  of  a 
slab  of  bituminous  material.  However,  by  confining  a  layer  of  compacted  granular  material  in  a 
mold,  the  facility  can  also  be  used  to  study  the  same  characteristic  of  this  material. 

A  side  view  of  the  STF  is  shown  in  Figure  9.  The  carriage  is  mounted  onto  a  pair 
of  beams  and  is  driven  by  means  of  a  wire  rope  tensioned  around  a  drum  which  is  axially  coupled 
to  the  motor.  Loading  is  provided  via  a  hydraulic  actuator  located  at  one  end  of  the  facility.  A 
feedback  mechanism  involving  the  use  of  four  load  cells  located  under  the  comers  of  the  steel  pallet 
is  used.  Constant  wheel  load  over  the  slab  can  only  be  achieved  by  applying  an  increasing  actuator 
load  of  the  correct  gradient  as  the  wheel  approaches  the  actuator.  Alternatively,  the  wheel  can  be 
fixed  at  a  position  directly  above  the  compacted  granular  material.  Repeated  vertical  loading,  which 
is  regulated  by  means  of  a  signal  generator  can  then  be  applied  via  the  hydraulic  actuator  onto  the 
specimen. 

A  75  mm  wide  hard  rubber  tire  was  used  in  both  the  repeated  venical  and  wheel¬ 
loading  conditions  to  ensure  that  the  same  contact  area  was  achieved.  A  sinusoidal  waveform  with 
frequency  of  0.5  Hz  (or  one  cycle  of  load  every  two  seconds)  was  used  fw  the  repeated  venical 
loading  condition.  For  the  travelling  wheel  load,  an  average  speed  of  approximately  2  km/hr  was 
used.  Loading  in  this  case  was  bidirectional.  An  element  of  granular  material  loaded  under  the 
moving  wheel  had  a  rest  period  of  approximately  two  seconds  while  that  for  the  repeated  venical 
load  was  zero. 


The  samples  tested  in  the  STF  were  compacted  in  a  specially  manufactured  steel 
mold  as  shown  in  Figure  10.  The  thickness  of  the  granular  layer  was  180  mm.  A  60  mm  thick 
concrete  slab  with  a  rough  surface  was  placed  at  the  bottom  of  the  steel  mold  to  provide  a  rigid 
foundation  for  compaction.  The  entire  mold  was  then  placed  on  top  of  a  piece  of  25  mm  thick  soft 
rubber  which  simulated  a  medium-stiff  subgrade  condition.  The  rubber,  in  turn,  was  located  on 
top  of  a  steel  platfonn  with  cross  bracing  at  the  bottom  face  to  provide  additional  reinforcement. 
The  weight  of  granular  material  used  per  sample  was  about  325  kg.  Total  weight  of  the  assembly 
shown  in  Figure  10  was  about  750  kg  . 


Compaction  of  the  material  was  carried  out  by  a  heavy  vibrating  plate  with  a 
working  area  of  475x508  mm,  weight  of  1.25  kN  and  maximum  centrifugal  force  of  10  kN. 


21 


Compaction  was  carried  out  in  two )  .yers  with  a  thickness  of  60  mm  for  the  bottom  and  120  mm 
for  the  top  layer.  Conqjaction  was  continued  until  refusal  or  no  increase  in  density  was  detected  in 
successive  density  measurements.  In  order  to  avoid  segregadon,  the  finest  fraction  of  aggregates, 
(5  mm  nominal  size)  was  placed  last  and  allowed  to  fill  the  void  of  the  matrix  formed  by  the  larger 
size  materials  during  compaction. 

A  10  mm  thick  sand  sheet  asphalt  mix  with  10  percent  by  weight  of  a  Grade  100 
Pen  bitumen  was  added  to  provide  a  smooth  surface  for  the  wheel.  No  instrumentation  was 
installed  in  the  sample  because  of  great  disturbance  which  could  be  caused  by  the  necessary 
excavation  and  recompaction  of  the  relatively  small  sample.  Therefore,  only  the  wheel  load,  the 
surface  profile  and  the  permanent  vertical  deformation  of  the  granular  layer  underneath  the  center- 
line  of  the  wheel  were  monitored. 

Details  of  the  test  program  and  some  material  properties  of  the  granular  materials  are 
shown  in  Table  2.  A  total  of  seven  tests  were  carried  out.  These  tests  involved  two  levels  of 
contact  stress,  (750  and  1 100  kPa  ),  two  gradings  and  two  types  of  loading  (a  moving  wheel  load 
and  a  repeated  vertical  load). 


2 .  Pavement  Test  Facility 

The  Nottingham  Pavement  Test  Facility  (PTF)  shown  in  Figure  1 1  was  described 
in  detail  by  Brown  and  Brodrick  (22).  In  brief,  it  consists  of  a  560  mm  diameter  and  150  mm 
wide  loading  wheel  fitted  to  a  carriage,  which  runs  on  bearings  between  two  beams  spanning  the 
long  side  of  a  rectangular  laboratory.  The  beams  are,  in  turn,  mounted  on  end  bogies  which  allow 
the  whole  assembly  to  traverse  across  the  pavement.  Lifting  and  lowering  of  the  wheel,  which 
determines  the  magnitude  of  the  applied  load,  is  controlled  via  two  ultra-low  friction  rams  by  a 
servo-hydraulic  system.  A  load  feedback  mechanism  is  incorporated  to  maintain  constant  load.  The 
maximum  load  that  can  be  achieved  by  the  PTF  is  about  15  kN  with  a  speed  range  of  up  to  16 
km/hr.  The  whole  assembly  is  housed  in  an  insulated  area  where  temperature  could  be  controlled 
via  heaters  or  cooling  fans.  Maximum  dimensions  of  the  pavement  section  that  can  be  constructed 
are  4.8m  long,  2.4m  wide  and  1.3m  deep. 

A  cross-section  of  the  pavement  structure  used  for  this  experiment  is  shown  in 
Figure  12.  The  thickness  of  the  granular  layer  was  240  mm.  The  subgrade  at  the  time  of  the  tests 
consisted  of  an  inorganic  low  plasticity  silty  clay  .  The  CBR  at  the  surface  of  the  top  450  mm  of 
material  was  found  to  be  about  5  percent.  Underneath  this  layer  the  material  became  much  drier 
and  stiffer  with  CBR  of  about  10  percent.  The  compaction  of  the  granular  materials  was  provided 
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TABLK  2 
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no  tests  were  perfonned. 
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Figure  12.  Cross-section  of  Pavement  Structure  used  in  Tests  carried  out  in  the 
Pavement  Test  Facility. 
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by  a  pedestrian  operated  single-drum  vibrating  roller  which  could  generate  a  total  centrifugal  force 
of  22  kN.  Compaction  was  carried  out  in  two  layers,  each  120  mm  in  thickness  and  until  refusal. 
A  10  nun  thick  sand  sheet  surface  (as  used  in  the  STF  tests)  was  again  used. 

For  this  part  of  the  project,  two  wheel  tracks,  each  running  across  the  three 
pavement  sections  consisting  of  the  three  different  granular  materials  were  used.  In  ont  track,  a 
unidirectional  wheel  load  was  applied  and  in  the  other,  the  loading  was  bidirecdonal.The 
movement  of  the  wheel  was  channelized,  hence  allowing  accelerated  deformation  of  the  sections  to 
occur.  Details  of  the  sections  and  the  material  properties  are  shown  in  Table  3.  A  ISO  mm  wide 
wheel,  with  tyre  pressure  of  SSO  kPa  and  contact  stress  of  about  500  kPa  was  used.  Speed  of  the 
wheel  was  about  3  km/hr.  The  temperature  inside  the  PTF  during  the  tests  was  24  to  27°C. 


C .  RESULTS  OF  RUTTING  TESTS 

1 .  Slab  Test  Facility  Experiments 

Figure  13  shows  the  profiles  of  the  various  sections  at  the  end  of  the  tests  carried 
out  in  the  STF  and  Figure  14  shows  the  variation  of  permanent  venical  deformation  with  the 
number  of  load  applications  for  all  the  tests. 

Figure  13  indicates  that  a  significant  amount  of  heaving  took  place  along  the 
shoulder  of  the  rut  for  those  sections  subjected  to  a  moving  wheel  load.  This  occurred  as  a  result 
of  lateral  spreading  of  the  granular  material.  For  these  sections,  the  permanent  vertical 
deformations  were  found  to  be  at  least  three  times  higher  than  those  subjected  to  a  repeated  vertical 
load.  Whilst  the  increase  in  stress  level  caused  a  great  deal  of  increase  in  permanent  deformation  in 
the  wheel  loading  case,  the  permanent  deformation  due  to  repeated  vertical  load  was  not 
significantly  affected  by  this  factor.  As  far  as  rate  of  deformation  is  concerned,  Figure  14  indicates 
that  most  deformation  occurs  within  the  first  iOOO  cycles  of  load.  For  sections  subjected  to  wheel 
loading,  deformation  does  not  stabilise  even  after  6000  cycles  of  load.  However,  for  sections 
subjected  to  repeated  vertical  load,  very  little  additional  deframadon  was  observed  after  about  2000 
cycles.  Furthermore,  the  results  show  that  sections  with  the  “optimum”  grading  have  less 
permanent  defOTmaticMi  under  both  the  moving  wheel  and  repeated  venical  loads. 

The  results  of  the  tests  performed  in  the  Slab  Test  Facility  indicated  that,  under  the 
panicular  test  conditions,  far  more  permanent  deformation  was  caused  by  a  moving  wheel  load 
than  a  repeated  vertical  load.  The  primary  reasons  for  the  results  are  probably  due  to  the  additional 
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DETAILS  OF  RUTTINCJ  TESTS  CARRIED  OUT  IN  THE  PAVEMENT  TEST  FACILITY 
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no  tests  were  performed. 


HORIZONTAL  DISTANCE  (mm) 
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a.  Type  I  Grading;  Contact  Pressure  =  750  kPa. 


--  --WHEEL  UOAO 


c.  Contact  Pressures  1100 kPa. 


Figure  13.  Section  Profiles  at  the  End  of  the  Rutting  Tests  carried  out  in  the  Slab 
Test  Facility. 
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PERMANENT  DEFORMATION  (mm) 


Grading  of 

Type  of 

Contact  Pressure 

Symbol 

Granular  Base 

Lading 

(kPa) 

Type  I 

Wheel 

750 

Type  I 

Repeated  Plate 

750 

-0- 

Type  I 

Wheel 

1100 

Type  I 

Repeated  Plate 

1100 

-e- 

Optimum 

Wheel 

750 

C^timum 

Repeated  Plate 

750 

-9- 

^timum 

Repealed  Plate 

1100 

Figure  14.  Variation  of  Permanent  Vertical  Deformation  with  Number  of  Load 
Applications  for  the  Rutting  Tests  carried  out  in  the  Slab  Test  Facility. 
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reversed  shear  stresses  caused  by  the  moving  wheel  and  the  lack  of  confining  pressure  at  the 
surface  of  the  granular  material.  The  combined  effect  caused  the  material  immediately  in  front  of 
the  wheel  to  dilate  and  weaken,  and  when  the  wheel  moved  over  the  weakened  material,  large 
deformation  occurred.  In  the  case  of  the  repeated  vertical  load,  the  wheel  contacts  the  pavement 
over  a  fixed  area,  effectively  providing  the  confining  pressure  required  for  higher  strength.  This 
may  account  for  the  observation  that  the  permanent  deformation  was  not  sensitive  to  the  applied 
stress  level. 


2  Pavement  Test  Facility  Experiments 

Figures  15  and  16  show  the  results  of  the  two  series  of  tests  carried  out  in  the  PTF. 
The  profiles  shown  in  Figure  15  indicate  that  in  the  two  sections  where  dolomitic  limestone  was 
used,  bidirectional  loading  caused  18  and  60  percent  higher  rut  than  those  under  unidirectional 
loading.  However,  the  opposite  effect  was  obtained  for  the  section  with  an  epen-graded 
carboniferous  limestone,  where  much  higher  deformation  developed  under  both  types  of  loading. 
The  overall  high  deformation  in  these  sections,  which  were  generally  less  well  compacted,  might 
override  any  trend  in  the  development  of  permanent  deformation  caused  by  the  different  modes  of 
loading. 


If  the  results  from  the  carboniferous  limestone  sections  can  be  discarded,  then  the 
tests  from  the  PTF  indicate  that  higher  permanent  deformation  may  be  obtained  from  bidirectional 
than  unidirectional  wheel  loading.  The  results  apparently  agreed  with  those  obtained  by  Brown  et 
al  (23)  who  observed  an  increase  of  rut  depth  of  19  to  40  percent  due  to  bidirectional  loading.  In 
bidirectional  loading,  the  structure  of  the  granular  material,  which  is  basically  formed  by  the 
interparticle  contacts,  may  be  subjected  to  more  disruption  from  the  two  opposite  senses  of 
reversed  shear  stress.  As  a  results,  the  structure  will  be  weakened  and  more  deformation  will 
occur.  Again,  the  optimum  graded  dolomitic  limestone  was  found  to  have  less  permanent  venical 
deformation. 
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VERTICAL  DISTANCE  (mm) 


HORIZONTAL  DISTANCE  (nvn) 


I - 1 - r  . I  I  I  i 


a.  Type  I  Grading;  Dolomiiic  Limestone. 


b .  Optimum  Grading;  Dolomitic  Limestone. 


c .  Open  Grading;  Carboniferous  Limestone. 


Figure  IS.  Section  Profiles  at  the  End  of  the  Rutting  Tests  carried  out  in  Pavement 
Test  Facility. 
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NUMBER  OF  LOAD  APPLICATIONS 


Type  of 

Grading  of 

Type  of 

Symbol 

Granular  Base 

Granular  Base 

Lo^ng 

Dolomitic  Limestone 

Type  I 

Utii-direcbonal 

-t?- 

Dolomiiic  Limestone 

Type  I 

Bi-directional 

Dolomitic  Limestone 

Optimum 

Uni-directional 

-X- 

Dolomitic  Limestone 

Optimum 

Bi-directional 

•m- 

Carboniferous  Limestone 

Open 

Uni-directional 

-B- 

Carboniferous  Limestone 

Open 

Bi-directional 

Figure  1 6.  Variarion  of  Permanent  Vertical  Deformation  with  Number  of  Passes  of 

Wheel  Load  for  the  Rutting  Tests  carried  out  in  Pavement  Test  Facility. 
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SECTION  IV 


repeated-load  HOLLOW  CYLINDER  TESTS 


A.  INTRODUCTION 

The  last  section  has  shown  that  full-scale  pavement  testing  is  an  essential  component  of 
road  pavement  research.  However,  because  of  the  large  amount  of  raw  materials,  instrumentation 
and  human  effort  involved  in  each  test,  this  type  of  experiment  may  only  be  cost-effective  for  the 
investigation  or  validation  of  an  idea  which  has  been  shown  to  have  potential.  For  background 
research  or  study  of  more  fundamental  principles,  smaller  scale  accelerated  testing  on  elements  of 
material  is  clearly  more  desirable.  In  the  study  of  granular  material  behavior  in  pavements,  the 
repeated-load  hollow  cylinder  test  apparatus  -  A)  appears  to  be  a  promising  device.  Its  capability 
to  apply  reversed  shear  stresses  to  the  test  specimen  has  meant  that  realistic  in  situ  stress 
conditions  caused  by  a  moving  wheel  loading  can  be  simulated.  The  importance  of  close  and 
correct  simulation  of  this  condition  has  already  been  highlighted  by  the  results  presented  in  Section 
in.  Funhermore,  studies  of  material  anisotropy,  principal  stress  rotation  effects  and  the  influence 
of  different  intermediate  principal  stresses  are  made  possible  using  the  HCA. 


B .  NOTTINGHAM  REPEATED-LOAD  HOLLOW  CYLINDER  TEST  APPAR.ATUS 

The  Nottingham  HCA  was  first  constructed  in  1985  and  the  history  of  its  development  was 
reported  by  O'Reilly  (24).  Since  then,  some  modifications  have  been  performed.The  basic 
configuration  of  the  HCA  is  shown  in  Figure  17.  For  this  project,  further  improvement 
modifications  were  made.  These  included: 

1 .  Addition  of  an  external  pressure  chamber  and  the  associated  pressurising  system. 

2.  Redesign  of  the  tq)  cap  and  base  to  accommodate  the  new  pressure  chamber. 

3 .  Upgrading  of  the  electronic  controls  for  the  loading  system. 

4.  Addition  of  a  new  data  acquisition  system. 
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Figure  17.  Basic  Configurarion  of  the  Nottingham  Repeated-Load  Hollow  Cylinder 
Apparatus. 
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A  photograph  of  the  laboratory  setup  of  the  modified  apparatus  is  shown  in  Figure  18  and  a 
flow  diagram  showing  the  interconnections  between  the  various  components  of  the  system  is 
presented  in  Figure  19. 


1 .  Size  of  Test  Apparatus  and  Specimen 

The  designed  dimensions  of  the  repeated-load  HCA  are  mainly  influenced  by  the 
size  of  the  test  specimen.  One  of  the  main  inherent  disadvantages  of  using  a  hollow  cylinder 
specimen  is  the  nonuniformity  of  stress  and  strain  across  the  specimen  wall  due  to  curvature. 
Furthermore,  because  of  the  need  to  transfer  shear  stresses  from  the  loading  system  to  the 
specimen,  a  more  severe  end  restraint  effect  normally  results  when  compared  with  the  triaxial  tests. 
In  order  to  reduce  stress  nonuniformity  caused  by  specimen  curvature,  it  is  necessary  to  increase 
the  external  diameter  and  reduce  the  wall  thickness  of  the  specimen.  As  a  result  of  these 
considerations,  an  external  diameter  of  280  mm  and  a  wall  thickness  of  28  mm  were  adopted  for 
the  Nottingham  hollow  cylinder  specimen.  This  produces  a  ratio  of  external  diameter  to  wall 
thickness  of  10,  a  value  which  finite-element  calculations  (25)  showed  to  be  satisfactory. 

In  determining  the  height  of  the  specimen,  both  the  presence  of  end  restraints  and 
the  need  to  provide  a  sufficiently  long  gauge  length  for  deformation  measurements  were 
considered.  A  study  carried  out  by  Wright  et  al  (26)  proposed  that  the  height  of  the  specimen 
should  satisfy  the  following  equadon:- 

H^5.44V(b2  -  a2)  (10) 

where  H  is  the  height  of  hollow  cylinder  specimen 
b  is  the  external  radius 
a  is  the  internal  radius 

Using  this  equation,  a  minimum  height  of  457  mm  is  required.  Based  on  this 
criterion  and  other  practical  considerations,  such  as  weight  of  the  specimen  and  the  dimensions  of 
the  loading  frame,  a  height  for  the  Nottingham  hollow  cylinder  specimen  of  500  mm  was  used. 


2.  Loading  System 

Both  the  venical  and  torsional  loads  are  applied  by  servo-controlled  hydraulic 
actuators  as  shown  in  Figure  20.  The  venically  mounted  actuator  can  provide  a  maximum  load  on 
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Figure  18.  Laboratory  Set  up  of  the  MtMlificd  Nollinghain  Repcaicd-lxiad  Hollow  Cylimicr 
Apparatus. 
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the  specimen  of  20  kN  with  a  ISO  mm  stroke.  The  horizontally  mounted  actuate,  with  its  stroke 
of  100  mm,  can  provide  a  torsional  moment  of  up  to  4.6  kNra  to  the  centre  shaft  through  the  230 
mm  long  torque  arm.  A  slip  coupling  device  allows  both  the  axial  load  and  torque  to  be  applied 
down  the  same  shaft.  It  also  enables  both  loads  to  be  measured  by  a  simple  purpose-made, 
combined  strain-gauged  load  cell  (Figure  21)  which  is  located  immediately  above  the  specimen. 
The  axial  load  is  transfened  to  the  specimen  via  the  top  platen  and  the  upper  specimen  ring.  For 
the  transfer  of  shear  load,  six  shear  vanes  located  at  the  bottom  of  the  upper  specimen  ring  and  16 
interlocking  castelladons  at  the  lower  specimen  ring  (Figure  22)  were  used. 

To  carry  out  repeated  loading,  a  waveform  generator,  capable  of  providing 
sinusoidal,  square  or  triangular  waveforms  at  frequencies  between  0.(X}1  and  100  Hz  for  two 
channels  at  variable  phase  angles  shift  was  used.  The  command  signal  from  the  waveform 
generator  is  fed  into  the  electronic  control  unit  where  it  is  compared  with  the  feedback  signal 
obtained  from  the  load  cell.  An  error  signal  is  then  sent  to  the  two  servo-valves  so  that  they  may 
make  the  necessary  adjustments.  The  time  required  by  this  feedback  closed  loop  control  is 
generally  very  short,  in  the  order  of  milliseconds,  and  can  be  adjusted  by  means  of  the  gain  setting 
to  suit  different  test  materials. 

Confining  pressure  can  be  applied  through  the  medium  of  silicone  oil  or 
compressed  air  in  both  the  inner  and  outer  cell  chambers.  The  former  medium  is  more  desirable  in 
repeated  loading  situations  (due  to  the  quicker  response  caused  by  the  incompressibility  of  the 
fluid)  while  for  constant  pressures,  the  use  of  compressed  air  is  found  to  be  satisfactory. 
Maximum  pressure  of  up  to  400  kPa  can  be  achieved  for  both  the  inner  and  outer  cells.  Both 
pressures  can  be  controlled  simultaneously  by  a  single  valve,  hence  allowing  an  isotropic  condition 
during  the  pressure  build  up.  Alternatively,  pressures  for  the  inner  and  outer  cell  can  be  controlled 
individually  to  allow  pressure  differences  across  the  specimen  wall.  These  pressures  are 
monitored  by  pressure  gauges  located  outside  the  HCA. 


3  Sealing  System 

To  maintain  a  good  hollow  cylindrical  shape  for  the  specimen  of  granular  material 
during  sample  preparation  and  testing,  a  tight  seal  condition  must  be  achieved.  Funhermore,  if 
different  inner  and  outer  cell  pressures  are  to  be  used,  a  good  sealing  system  becomes  even  more 
essential. 

A  section  of  the  HCA  with  the  specimen  showing  all  the  major  sealing  units  is 
presented  in  Figure  23.  The  hollow  cylinder  specimen  is  basically  enclosed  by  two  0.635  mm 
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Figure  21. 


Hole  for  sheer  pm 
connection  to  lood  shaft 


Hotlow  cylindricol  section 
(ext  d  io .  25mm .  int  dio .  19  mm ) 

Strain  gouge  rosette 
(4  no) 


Hole  for  sheor  pin 
connection  to  top  plote 


Combined  Axial  and  Toraonal  Load  Cell  for  the  Repeated>Load  Hollow 
Cylinder  Test  Apparatus. 
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Details  of  Upper  and  Lower  Specimen  Rings  for  the  Repeated-Load 
Hollow  Cylinder  Test  Apparatus. 
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thick  cylindrical  latex  membranes  with  different  diameters  (280  and  224  mm)  and  two  pairs  of 
specimen  rings  (upper  and  lower).  The  lower  inner  specimen  ring,  with  its  built-in  rubber  "O" 
ring  is  fastened  to  the  base  with  six  3  mm  diameter  Allen  head  bolts.  After  the  inner  membrane  is 
placed  over  this  ring,  the  lower  outer  ring  on  which  the  specimen  is  made,  slides  in  ,  trapping  the 
inner  membrane  between  the  two  tapered  surfaces  of  the  rings.  The  lower  outer  specimen  ring  is 
then  fastened  onto  the  base  by  six  8  mm  Allen  head  bolts  from  the  bottom  of  the  base  upward.  A 
further  "O"  ring  located  at  the  bottom  of  this  specimen  ring  provides  a  seal  between  the  inner  and 
outer  pressure  chambers.  The  outer  membrane  is  simply  secured  by  another  ”0”  ring  along  the 
outside  of  the  specimen  ring. 

A  similar  sealing  method  is  adopted  at  the  top  of  the  specimen  where  the  inner 
membrane  is  trapped  between  the  tapered  surfaces  of  the  upper  specimen  rings.  However,  in  order 
to  tighten  the  two  rings  together,  three  membrane  holder  blocks  with  3  mm  Allen  head  bolts  are 
used.  After  the  outer  membrane  is  secured  by  an  "O"  ring  the  top  platen  is  placed  and  fastened 
with  8  mm  Allen  head  bolts  to  the  upper  outer  specimen  ring  which  contains  an  "O"  ring  around 
the  edge  of  its  top  face. 

The  outside  pressure  chamber  consists  of  a  hollow  cylindrical  perspex  cell  with  385 
mm  outside  diameter  and  a  wall  thickness  of  20  mm,  a  top  cap  and  a  base  cast  out  of  hard  anodized 
aluminium.  The  three  units  are  held  together  by  eight  15  mm  diameter  tie  rods.  A  thick  rubber  "O  ' 
ring  is  provided  at  each  of  the  joints  between  the  cell,  cap  and  base.  Two  rubber  seals  are  provided 
at  the  centre  hole  of  the  cap  through  which  the  driving  shaft  transfers  the  loads  from  the  servo-rams 
to  the  specimen.  Outside  electrical,  vacuum  and  pressure  connections  are  made  through  holes 
provided  in  the  cap  and  base.  Each  of  these  holes  within  the  pressurised  chamber  are  individually 
sealed  with  expansion  "O"  rings. 


4.  Deformation  Measurements 

Four  independent  defcamation  measurements  are  required  to  determine  the  complete 
strain  pattern.  These  are  the  change  in  specimen  wall  thickness,  the  overall  change  in  sample 
diameter,  the  axial  defrxmation  and  the  torsional  defamation. 

To  measure  the  change  in  specimen  wall  thickness  or  the  radial  deformation,  two 
pairs  of  15  mm  inductance  coils  attached  to  opposite  sides  of  the  specimen  wall  are  used.  A 
known  alternating  current  flows  in  one  coil  and  the  current  induced  in  the  other,  which  is  a 
function  of  their  distance  of  separation,  is  recorded.  Changes  in  specimen  diameter  are  measured 
using  two  strain-gauged  epoxy  hoops  attached  to  the  inner  chamber  of  the  hollow  cylinder 
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specimen  using  embedded  studs.  These  devices,  as  shown  in  Figure  24,  have  been  used 
extensively  at  Nottingham  (27). 


Axial  defoimadon  is  measured  by  two  LVDTs  mounted  vertically  on  the  specimen 
by  means  of  embedded  studs.  Deformation  in  a  direction  at  4S  degrees  to  the  vertical  is  also 
measured  by  means  of  LVDTs.  This  latter  measurement,  together  with  those  from  the  axial  and 
circumferential  directions  are  used  in  the  following  equation  to  calculate  the  tm^ional  deformation. 
A  photograph  of  the  arrangement  of  the  instruments  is  shown  in  Figure  25. 

Y=2e45-e2-ee  (il) 

where  y  =  engineering  shear  strain 

E4s  =  ncnmal  strain  at  45  degrees  to  vertical  direction 

Cz  =  axial  strain 

Eq  =  circumferential  strain 

All  the  instrumentations  were  located  at  the  middle  one  third  of  the  specimen  to 
minimize  the  end  effects.  Calibrations  of  the  instrumentation  were  carried  out  regularly  during  the 
project.  A  description  of  the  calibration  methods,  procedure  used  and  results  obtained  are  presented 
in  Appendix  B. 


5 .  Data  Acquisition  System 

The  data  acquisition  system  for  this  project  consists  basically  of  the  following  four 

components:- 


a.  A  microcomputer  with  a  single  disk  drive,  a  20  Mb  hard  disk,  an  expanded 
640  kb  RAM  (Random  Access  Memory),  a  colour  monitor  and  option  slots  that  support  feature 
cards  for  additional  devices. 

b.  An  analof^e-to-digital  convertor  with  eight  differential  input  channels,  for 
output  channels  and  four  rek^  .  i  he  A/D  conversiem  time  is  approximately  1 .8  ms  and  up  to  2(XtS 
readings  can  be  stOTed  at  each  execution. 

c.  An  IEEE  488  interface  card  which  OTganizes  and  manages  information  flow 
between  1  and  2. 
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Figure  25.  Airangemem  of  Vcnkal  and  45-degree  oriented  LVDTs. 


d .  A  line  i^ter  which  provides  hard  copies  of  graphics  and  text. 


Several  soft  ware  programs  have  been  devel(^)ed  to  retrieve,  store  and  analyze  the 
data  ftoin  the  load  cells,  strain  gauged  hoops,  inductance  strain  coils  and  LVDTs.  Some  of  these 
programs  use  existing  packages  for  plotting  and  managing  of  data.  The  main  program  fw  the  data 
acquisition  of  the  repeated-load  HCA  tests  is  called  HCA.  Details  of  this  program,  written  in 
BASIC  language  are  shown  in  Appendix  C. 


C .  STRESS  CONDITIONS  IN  A  HOLLOW  CYLINDER 


Figure  26  shows  a  hollow  cylinder  sample  under  the  action  of  axial  load  W,  torque  Mt, 
internal  pressure  pi  and  external  pressure  po-  Despite  the  use  of  a  high  ratio  of  external  diameter  to 
wall  thickness  and  a  tall  specimen,  stress  non-uniformity  cannot  be  completely  eliminated. 
Therefore,  it  is  necessary  to  assume  that  the  stresses  are  uniform  and  hence  allowing  their  average 
values  to  be  defined.  The  stresses  acting  on  an  element  of  material  along  the  wall  of  the  hollow 
cylinder,  shown  in  Figure  26,  are  defined  as  follows:- 


o,. _ w _  (pob2 -  pia2) 

”n  (b2  -  a2)  (b^  -  a2) 


(12) 


_  (Pob  pia) 

■  (b  -t-  a) 

go  -  (Ppb  •  Pia) 
(b-a) 


tez  = 


3Mt 


271  (b3  -  a3) 


(13) 

(14) 

(15) 


wlvre  Oz  =  average  vertical  stress 
Or  =  average  radial  stress 
<JQ  s  average  circumferential  stress 
tez  =  average  shear  stress  in  the  6-z  plane 
a,  b  =  internal  and  external  radius  of  the  specimen 
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Since  there  are  no  shear  stresses  acting  in  the  radial  direction  of  the  hollow  cylinder 
specimen,  Or  and  the  plane  on  which  it  acts  (Figure  26)  must  be  a  principal  stress  and  a  principal 
plane,  respectively.  The  directions  on  which  the  other  two  principal  stresses  act  must  then  be 
normal  to  that  of  Or  (ie.  in  the  z-6  plane).  The  exact  directions  of  these  latter  principal  stresses 
which,  again,  must  be  normal  to  each  other  depend  on  the  magnitude  of  the  shear  stresses  acting 
on  the  z-0  plane  and  can  be  easily  obtained  by  means  of  the  Mohr's  circle  for  stress  (28). 


Figure  27  illustrates  the  construction  of  a  Mohr  circle  based  on  the  condition  that  a2>O0  and 
X0Z  is  positive  and  shows  that  the  same  condition  can  be  represented  by  the  two  principal  stresses 
and  an  angle  of  rotation  a.  Based  on  Figure  27,  the  following  equations  for  the  principal  stresses 
and  the  angle  of  principal  stress  rotation  can  be  established; - 


CTi  = 


Oz  +  O0 


w 


Tez 


(15) 


02  =  Or 


(16) 


03 


tez^ 


(17) 


a  =  tan'l 


f  tez 


(Oi  -  O0) 


(18) 


Note  that  equations  (15)  to  (18)  are  only  true  under  the  following  conditions:- 

1-  PiSPo  (19) 

W 

2.  pi-po^—  (20) 

nab 


Where  W,  Pj,  Pq,  a  and  b  are  as  defined  earlier. 


The  stress  conditions  in  a  hollow  cylinder  sample  can  also  be  expressed  in  the  form  of 
stress  invariants  such  as  the  octahedral  normal  and  octahedral  shear  stress.  In  terms  of  principal 
stresses,  they  are  defined  by:- 


Ooci  =  3  (CTi  +  02  +  03) 


(21) 
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c .  Mohr  Circle  showing  Principal  Plane  Rotation. 


Figure  27.  Mohr  Circle  for  Stress. 
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(22) 


qoct  =  ;^  [  (Ol  -  02)2  +  (02  -  03)2  +  (03  -  Oi)2  ]  >4 


Note  that 


p  =  Ooci  (23) 

According  to  Figure  27  and  Equations  (IS)  to  (18),  the  rotation  of  principal  planes  in  the 
hollow  cylinder  specimen  can  only  occur  within  the  Oi  and  03  planes.  Therefore,  it  appears  to  be 
possible  to  use  the  shear  invariant  q  whenever  shear  stresses  in  the  01-03  plane  are  considered,  q  is 
defined  by:- 


q  =  (Oi  -  03) 


(24) 


However,  in  order  to  investigate  the  influence  due  to  the  intermediate  principal  stress,  02,  it 
is  also  necessary  to  use  the  parameter,  b,  which  is  defined  as;- 


(02  -  03) 

(Oi  -  03) 


(25) 


The  parameter,  b,  can  only  be  either  0  or  1  in  triaxial  test  conditions.  However,  in  a 
hollow  cylinder  test,  this  parameter  can  be  varied  continuously  from  0  to  1. 


D.  STRAIN  IN  A  HOLLOW  CYLINDER 

For  the  same  reasons  discussed  for  stress  in  a  hollow  cylinder,  assumptions  about  the 
uniformity  of  strains  have  to  be  made.  The  average  strains  for  a  hollow  cylinder  are  defined  as 
follows: - 


®^  =  L 

(26) 

5d 

^®"(a  +  b) 

(27) 

5t 

^"■(b  -  a) 

(28) 
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where  ti,  ee  and  Er  are  the  average  axial,  circumferential  and  radial  strains 
respectively 

51  =  change  in  vertical  displacement  over  the  gauge  length  L 

Sd  =  Change  in  specimen  diameter 

5t  -  Change  in  thickness  of  specimen  wall 

a,  b  =  interior  and  extent  radius  of  the  specimen  respectively 

The  shear  strains  in  the  z-6  plane  can  be  deduced  from  the  Mohr  circle  for  strain  if  Ez,  £e 
and  the  normal  strain  at  a  known  direction  within  the  plane  can  be  obtained.  A  convenient  method 
is  to  measure  the  strain  at  45  degrees  to  the  vertical  axis.  The  Mohr  circle  to  determine  the  shear 
strains  is  shown  in  Figure  28.  It  can  be  graphically  shown  that:- 

Eze  =  £45  -  ^  (£0  +  (29) 

where  EzO  is  the  pure  shear  strain  on  the  plane  at  an  angle  Oe  from  the  vertical 
E45  is  the  normal  strain  at  45  degrees  to  the  vertical  and 
Oe  is  the  rotation  of  the  major  principal  strain  plane 

Figure  28  also  shows  that:- 


-  £0j 

where  Ei  and  E3  are  the  major  and  minor  principal  strains  in  the  6-z  plane 


respectively. 

Because  there  is  no  shear  stress  acting  on  the  z-r  and  r-6  directions,  it  can  be  assumed  that 
the  shear  strains  Erz  and  Er0  are  zero.  Hence  Er  becomes  the  third  principal  strain  and,  in  theory:- 

Er  =  e2  (33) 
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a.  General  Strains.  b.  Principal  Strains  and 

Angle  of  Rotation. 


c .  Mohr  Circle  Construction  for  Strain. 


Figure  28.  Mohr  Circle  for  Strain 
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The  maximum  shear  strain  in  the  z-6  plane  is  defined  as  Cmax  where:- 


Emax  =  2 

The  state  of  strain  in  the  specimen  can  also  be  represented  by  strain  invariants.  However, 
the  invariants  should  be  selected  such  that  they  correspond  to  those  used  for  stresses.  The  strain 
invariant  for  q  (Equation  (24))  is  Emax  defined  in  equation  34.  The  invariants  for  p  and  qoct 
(Equation  (22))  are  Ey  and  Es.  respectively,  and  they  are  defined  as:- 

ev  =  ei +e2-»'e3  (35) 

Es  =  ^  ((El  -  E2)2  +  (E2  -  E3)2  +  (£3  -  (36) 


E.  SPECIMEN  PREPARATION 

When  carrying  out  destructive  tests,  such  as  those  for  the  investigation  of  permanent 
deformation  characteristics  of  granular  material,  the  importance  of  u.;ing  "identical”  specimens  is 
overwhelming.  Therefore,  a  specimen  preparation  technique  which  is  repeatable  and  capable  of 
producing  specimens  with  the  same  properties  is  needed.  For  the  repeated-load  hollow  cylinder 
tests,  a  new  method,  based  on  the  British  Standard  vibrating  hammer  test  (BSS835)  was 
developed.  A  sketch  showing  the  basic  principal  of  the  method  is  presented  in  Figure  29. 

To  make  a  hollow  cylindrical  specimen,  an  inner  and  an  outer  nx)ld  are  required.  The  inner 
mold  consists  of  three  articulated  sections  which  can  be  extended  and  locked  in  its  cylindrical  shape 
by  two  internal  connections.  The  outer  mold  is  essentially  a  thin  walled  cylinder  which  is  divided 
into  three  equal  sections  and  held  together  by  three  Jubilee  clips.  Both  molds  rest  under  their  own 
weight  on  tc^  of  the  base  which  is  placed  on  tc^  of  a  vibrating  table.  Three  spacers  are  used  at  the 
top  of  the  mold  to  ensure  that  the  required  uniform  wall  thickness  is  achieved. 

Two  pieces  of  membranes  are  also  required.  The  inner  membrane  fits  the  outside  of  the 
inner  mold  tightly,  thereby  forming  the  required  cylindrical  shape.  A  vacuum  should  be  used  at  six 
locations  to  hold  the  outer  membrane  firmly  against  the  inside  of  the  outer  mold. 

The  sample  wa?  uiit  up  in  approximately  seven  layers  with  each  consisting  of  three 
kilograms  of  dry  material.  After  the  material  had  been  poured  and  evenly  spread,  an  aluminium 
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Figure  29.  Details  of  Compaction  Device  for  Hollow  Cylinder  Specimen. 


compaction  ring  was  placed  on  top.  A  surcharge  load  of  approximately  40  kg  was  imposed  on  the 
ring  through  a  lever  system.  While  the  surcharge  is  acting,  120  seconds  of  vibration,  at  SO  Hz 
frequency,  were  applied.  The  amplitude  of  vibration  was  allowed  to  decrease  gradually  from  its 
maximum  value  to  0  during  the  last  30  seconds. 

After  each  layer  had  been  compacted,  the  vertical  distance  between  the  surface  of  the 
compacted  material  to  the  top  of  the  mold  was  measured  at  eight  locations.  These  measurements 
allowed  calculation  of  the  average  thickness,  and  the  density  of  each  layer. 

After  the  specimen  was  completely  built  and  sealed  (see  Figure  23)  an  internal  vacuum  was 
applied  prior  to  release  of  the  molds.  The  inner  mold  was  folded  inward  and  removed  while  the 
outer  mold  was  released  simply  by  unfastening  the  Jubilee  clips.  A  plan  view  of  these  molds 
during  and  after  specimen  construction  is  shown  in  Figure  30.  Installation  of  the  instrumentation 
followed,  then  the  outer  pressure  chamber  was  placed  and  the  top  cap  was  fastened. 
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Figure  30.  Plan  View  of  Compaction  Molds  for  Hollow  Cylinder  Specimen 
during  and  after  Compaction. 
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SECTION  V 


TEST  PROGRAM  FOR  REPEATED-LOAD  HOLLOW  CYLINDER  TESTS 

A.  DSTTRODUCnON 

One  of  the  main  objectives  of  carrying  out  repeated-load  hollow  cylinder  tests  for  this 
project  was  to  study  the  effect  of  reversed  shear  stresses  on  the  permanent  deformation  behavior  of 
granular  material.  For  this  part  of  the  study,  emphasis  was  placed  on  the  difference  between  the 
with-shear  and  without-shear  (or  simply  the  triaxial)  conditions.  The  tests  also  examined  the 
difference  in  behavior  under  the  laboratory  simulated  condition  involving  unidirectional  and 
bidirectional  shear  reversal. 

The  test  program  also  included  tests  to  determine  the  resilient  stress-strain  behavior  of  the 
granular  material  concerned.  An  understanding  of  this  behavior  under  the  new  stress  regime 
available  from  the  HCA  is  also  essential  as  the  stiffness  of  the  material  will  affect  the  load 
spreading  capability  of  the  granular  material. 

Comparison  of  the  behavior  of  granular  material  tested  in  the  repeated-load  HCA  under 
triaxial  conditions  and  that  tested  in  the  repeated-load  triaxial  test  apparatus  is  also  warranted.  This 
comparison  can  be  viewed  as  a  means  to  "calibrate"  both  test  devices,  thereby,  new  interpretations 
may  be  made  of  the  large  amount  of  existing  results  from  the  repeated-load  triaxial  tests. 


B .  THE  TEST  MATERIAL 

The  material  used  for  the  repeated-load  hollow  cylinder  tests  was  a  crushed  dolomitic 
limestone.  Because  of  the  small  thickness  of  the  specimen  wall,  the  maximum  particle  size  was 
limited  to  about  S  mm,  giving  a  ratio  of  specimen  thickness  to  maximum  particle  size  of 
approximately  1:6.  A  representative  grading  envelope  for  the  uncompacted  "virgin"  material  is 
shown  in  Figure  31.  The  envelope  indicates  that  the  material  was  continuously  graded  with  95  and 
18  percent  of  the  material  passing  the  5  mm  and  75  |im  sieve  respectively.  The  curves  also  follows 
closely  Fuller’s  equation  (Equation  (1))  with  maximum  particle  size  of  5.6  mm  and  an  “n”  value  of 
0.4.  A  series  of  standard  vibrating  hammer  tests  (BS  5835)  was  carried  out  on  the  dry  materials. 
The  maximum  dry  density  obtained  from  the  test  was  2216  kg/m^ .  The  specific  gravity  of  the 
material  contained  between  the  5  mm  and  2  mm  sieves  was  found  to  be  2.7.  The  shape  of  the 
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Figure  31.  Grading  Envelope  of  the  Virgin  Material  and  the  Average  Gradings  of 
Samples  obtained  from  Top,  Middle  and  Bottom  of  tested  Hollow 
Cylinder  Specimens. 


aggregate  particles  for  this  group  of  materials,  when  examined  under  a  microscope,  could  be 
considered  as  flaky.  Because  there  were  no  pore  pressure  or  suction  measuring  devices  available  in 
the  HCA,  the  material  was  tested  dry.  This  ensured  that  all  the  stresses  used  and  measured  were 
effective  stresses. 

The  method  of  specimen  preparation  described  in  the  last  chapter  was  found  to  be 
satisfactory  and  capable  of  producing  relatively  high  density,  despite  the  large  height  of  the 
specimen.  Segregation  was  found  to  be  acceptable  as  shown  also  in  Figure  31  by  the  average 
gradings  of  the  materials  retrieved  from  the  top,  middle  and  bottom  of  the  tested  specimen.  Except 
for  the  last  layer,  the  variation  of  density  of  the  compacted  material  between  different  specimens 
was  found  to  be  small,  as  shown  in  Figure  32  for  all  the  specimens  prepared.  Funhermore,  if 
consideration  was  given  only  to  the  middle  section  of  the  specimen  where  deformations  were 
measured,  the  difference  became  less  significant. 


C .  PERMANENT  STRAIN  TESTS 

A  permanent  strain  test  consisted  of  applying  many  cycles  of  the  same  stress  conditions  to  a 
specimen  and  monitoring  its  permanent,  nonrecovcrable  deformation  at  regular  time  intervals. 
Because  the  permanent  strain  behavior  of  granular  material  is  dependent  on  its  stress  and  strain 
history  (i.e.  the  stresses  and  strains  it  has  previously  been  subjected  to),  only  one  panicular  set  of 
stress  conditions  could  be  used  for  each  specimen. 

A  total  of  9  tests  belonging  to  this  category,  each  involving  at  least  10,000  cycles  of 
repeated  loading,  were  carried  out.  These  tests  were  divided  into  three  scries  of  three  tests  each  as 
detailed  in  Table  4.  The  magnitude  of  the  stresses  chosen  were  based  on  the  stress  measurements 
obtained  from  the  granular  base  in  a  full  scale  test  carried  out  in  the  Nottingham  PTF  (23). 
Although  the  granular  materials  involved  were  different,  it  was  believed  that  the  sVesses  adopted 
here  were  realistic.  In  all  nine  tests,  both  the  internal  and  external  cell  pressures  were  kept  constant 
at  100  kPa. 

The  three  specimens  involved  in  each  series  were  subjected  to  the  same  repeated  venical 
stress  which  varied  sinusoidally  at  a  frequency  of  0.5  Hz.  The  only  difference  was  the  applied 
shear  stress.  The  variations  of  shear  stress  in  each  test  within  one  series  were  designed  to  allow 
comparison  of  results  for  the  following  three  conditions: 
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TABLE  4. 


DETAILS  OF  PERMANENT  STRAIN  TESTS  CARRIED  OUT  WITH  THE 
REPEATED-LOAD  HOLLOW  CYLINDER  TEST  APPARATUS 


Test 

Series 

Test 

Number 

Vertical 

Stress 

(kPa) 

Torsional 
Shear  Stress 
(IcPa) 

Phase  Angle  between 
Vertical  &  TOTsional 
Stresses 

1 

1 

0-150 

0 

0 

2 

0-150 

-20-+20 

-90 

3 

0-150 

-20-+20 

-t-90/-90 

2 

4 

0 

0 

5 

-20-t-20 

-90 

6 

0-200 

-20-t-20 

-t-90/-90 

3 

7 

0-200 

0 

0 

8 

0-200 

-30-1-30 

-90 

9 

0-200 

-30-.  ^0 

■t-90/-90 

1 .  Triaxial  Condition 

In  this  case,  no  shear  stress  was  applied.  This  provided  the  basis  for  comparison  of 
results  with  those  which  involved  shear  stress  reversals.  It  also  allowed  results  obtained  from  the 
repeated-load  triaxial  test  apparatus  to  be  compared. 


2.  Condition  under  a  wheel  load  moving  in  one  direction  (unidirectional  shear 
reversal) 

To  simulate  the  stresses  under  this  condition,  the  phase  angle  between  the  venical 
and  the  shear  stress  (which  also  varied  sinusoidally  at  the  same  frequency)  waveforms  was 
adjusted  to  90  degrees,  as  shown  in  Figure  33.  As  a  result,  the  variation  of  angle  of  principal  plane 
rotation  with  time  shown  in  Figure  34  was  obtained.  Because  the  HCA  was  not  able  to  generate  a 
variable  cell  pressure,  the  variation  of  horizontal  stress  (as  shown  in  Figure  1  Section  I)  could  not 
be  simulated.  Instead,  a  constant  pressure  was  used. 
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3. 


Condition  under  a  wheel  load  moving  in  both  directions  (bidirectional  shear 
reversal) 


This  condition  ,  as  represented  in  Figures  3S  and  36,  was  basically  the  same  as  that  for  the 
unidirectional  shear  reversal.  The  exception  was  that  at  regular  preset  interval  during  the  test,  the 
phase  angle  between  the  vertical  and  shear  stress  was  switched  from  +90  to  -90  degrees  or  visa 
versa.  For  the  purpose  of  simulating  laboratory  bidirectional  loading,  it  would  be  ideal  if  the 
switching  of  the  phase  angle  were  carried  out  in  successive  cycles.  However,  since  the  switching 
process  was  manually  controlled,  it  became  impractical,  if  not  impossible  for  it  to  happen. 
Therefore  a  compromise  for  the  sequence  of  changes  of  phase  angle  as  shown  in  Figure  37  was 
adopted  for  this  test. 

The  stress  paths  for  the  three  series  of  tests  are  shown,  in  q-p  stress  space,  in  Figure  38. 
The  paths  for  the  two  conditions  with  reversed  shear  stresses  are  practically  identical  and  slightly 
curved.  For  the  triaxial  condition,  a  straight  stress  path  is  apparent.  Despite  this  difference,  the  end 
points  of  the  paths  are  identical  for  each  series  of  tests. 


D.  50-CYCLE  TESTS 

When  the  stress  path  used  in  a  permanent  deformation  test  approaches  the  static  failure 
condition,  both  the  magnitude  and  the  rate  of  development  of  permanent  strain  will  increase.  As  the 
resulting  deformations  are  generally  large,  the  effect  due  to  stress  or  strain  history  will  be  very 
much  reduced.  Using  this  assumption,  a  series  of  permanent  strain  tests  involving  several  stress 
paths,  each  of  increasing  severity,  can  be  carried  out  on  a  single  specimen  of  granular  material. 
Because  of  the  rapid  build-up  of  permanent  strain,  only  a  limited  number  of  cycles  of  each  repeated 
stress  condition  could  be  allowed  before  the  specimen  was  totally  damaged. 

In  this  project,  the  number  of  cycles  used  for  each  stress  path  was  approximately  50,  hence 
the  name  “50-cycle  test.”  The  main  objective  of  the  “50-cycle”  test  was  to  make  use  of  a  less  time- 
consuming  method  to  examine  the  effect  of  the  reversed  shear  stresses  on  the  rate  of  development 
of  permanent  strains.  In  order  to  achieve  this,  each  test  was  divided  into  two  parts,  each  part 
consisting  of  25  cycles  of  the  same  stress  condition.  In  one  part,  only  the  vertical  stress  was  cycled 
while,  in  the  other,  an  additional  unidirectional  reversed  shear  stress  was  applied.  An  example  of 
the  variation  of  the  stress  conditions  recorded  during  a  50-cycle  test  is  shown  in  Figure  39.  In 
some  tests,  the  "without-shear"  condition  was  allowed  to  precede  the  "with-shear”  (or  triaxial) 
condition  in  order  to  counteract  the  possible  strain  history  effect  caused  during  the  initial  25  cycles 
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Variation  of  Phase  Angle  Shift  between  the  Vertical  and  Torsional  Stress 
Waveforms  during  Tests  with  Bidirectional  Shear  Reversal. 
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Figure  38.  Stress  Paths  in  q-p  Space  used  in  Permanent  Strain  Tests. 
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Vertical 


of  stresses.  All  components  of  strain,  both  recoverable  and  the  non-recoverable  (permanent),  were 
monitored  continuously  during  the  50  cycles  of  stress,  allowing  their  variations  during  the  two 
pans  of  test  to  be  compared. 

Seven  50-cycle  tests  were  carried  out  on  one  hollow  cylinder  specimen.  Details  of  the 
stress  conditions  used  are  shown  in  Table  5.  The  stress  paths  in  q-p  stress  space  are  shown  in 
Figure  40.  The  solid  lines  represent  the  paths  with  reversed  shear  stresses.  In  order  to  allow  more 
time  to  implement  the  stress  changes  (from  "with-shear"  to  "without-shear”),  a  slower  frequency 
of  0.4  Hz  was  used  for  the  repeated  stress  waves. 


TABLE  5 

DETAILS  OF  SO-CYCLE  TESTS 


Test 

Number 

Vertical 

Stress 

(kPa) 

Torsional 
Shear  Stress 
(kPa) 

Celll 

Pressure 

(kPa) 

Maximum 

(q/p) 

Ratio 

Test- 

Sequence 

1 

0-200 

-30-H30 

100 

1.20 

1 

2 

0-200 

-30-+30 

70 

1.46 

2 

3 

0-250 

-30-t-30 

50 

1.88 

1 

4 

0-300 

-30-t-30 

50 

2.00 

1 

5 

0-250 

-30-t-30 

38 

2.06 

2 

6 

0-250 

-30-*-30 

35 

2.11 

1 

7 

0-200 

-30-^30 

23 

2.23 

2 

Note:  I .  The  pressure  is  for  both  the  inner  and  outer  cell  chamber. 

2.  “1”  means  that  the  “without-shear”  condition  precedes  the  “with-shear”  condition.  “2”  means  the 
reverse. 

3.  Phase  angle  between  the  vertical  and  torsional  stresses  is  90  degree  for  all  tests 
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Figure  40.  Sffcss  Paths  in  q-p  Space  used  in  50-Cycle  Tests. 
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E .  RESILENT  STRAIN  TESTS 

In  a  resilient  strain  test,  the  stress  paths  used  are  well  away  ftom  the  failure  condition.  As  a 
result,  it  can  be  assumed  that  the  specimen  responds  elastically  and  all  the  strain  components 
essentially  recover  during  unloading. 

The  resilient  behavior  of  the  specimen  used  in  the  permanent  strain  tests  was  regularly 
monitored  during  the  tests.  However,  the  resilient  stress  paths  involved  were  only  limited  to  the 
one  used  for  that  particular  permanent  strain  test  This  cautious  procedure  was  adopted  to  minimize 
the  risk  of  causing  a  stress  or  strain  history  effect  on  the  result  of  the  permanent  strain  tests.  A  new 
specimen,  therefore,  was  constructed  to  allow  a  more  thorough  study  of  the  resilient  behavior  of 
the  granular  material  used.  The  specimen  was  subjected  to  a  much  wider  range  of  stress  conditions 
as  detailed  in  Appendix  C.  The  test  program  aimed  at  covering  a  range  of  intermediate  principal 
stress  and  angle  of  principal  plane  rotation. 

However,  "Jump"  rotation  of  90  degrees  can  occur  between  the  circumferential  plane  (on 
which  oq  acts)  and  the  axial  (on  which  acts)  or  radial  (on  which  acts)  plane  during  repeated 
loading  when  Or  becomes  larger  than  Oz  and  ae  or  when  oe  becomes  larger  than  Or-  In  these 
cases,  principal  plane  rotation  will  occur  in  both  the  z-r  or  0-r  directions.  Therefore,  in  order  to 
avoid  complications  caused  by  the  three  dimensional  rotation,  the  conditions  stated  in  equations  19 
and  20  were  followed  at  all  times  during  the  resilient  tests.  This  ensured  that  Or  always  the 
intermediate  principal  stress  and  rotation  of  principal  stress  plane  was  re.stricted  lo  the  6-z  plane. 
The  frequency  of  the  repeated  stress  wave  used  in  these  tests  was  0.5  Hz. 


F .  REPEATED-LOAD  TRIAXIAL  TESTS 

The  repeated-load  HCA  is  undoubtedly  a  complicated  testing  device  which  will  remain  as  a 
research  tool  for  some  time.  At  the  moment,  results  of  tests  from  this  device  are  scarce  and, 
therefore,  cannot  be  used  immediately  with  confidence.  As  a  result,  it  appears  to  be  advantageous 
to  make  comparisons  between  the  performance  of  the  HCA  and  that  of  the  more  widely  used 
repeated-load  triaxial  test  apparatus. 

Two  cylindrical  specimens  of  the  same  granular  material  used  in  the  HCA  tests,  with 
diameters  of  150  mm  and  heights  of  3(X)  mm  were  tested  in  a  repeated-load  triaxial  test  apparatus. 
In  the  first  test,  a  series  of  resilient  stress  paths,  as  detailed  in  Appendix  E,  were  applied.  After  the 
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resilient  tests  were  completed,  a  permanent  strain  test,  which  used  the  same  stress  path  as  that  for 
Tests  4  and  7  of  the  HCA  test  program,  was  carried  out  on  the  same  specimen.  For  the  second 
specimen,  only  the  permanent  strain  test  was  perftMmed.  The  permanent  strain  test  involved  at  least 
10,000  cycles  of  repeated  load  at  a  frequency  of  0.5  Hz. 

The  triaxial  specimens  were  manufactured,  using  the  same  vibrating  table  and  surcharge  as 
for  the  HCA  specimens.  As  a  result,  the  densities  obtained  for  the  triaxial  specimens  TXl  and 
TX2,  which  were  1950  and  1909  kg/m^  respectively,  were  similar  to  those  of  the  hollow  cylinder 
specimens. 
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SECTION  VI 


RESULTS  FROM  REPEATED-LOAD  HOLLOW  CYLINDER  TESTS 

A.  INTRODUCnON 

The  results  of  the  tests  described  in  Section  V  are  presented  in  the  following  sections.  A 
total  of  1 1  hollow  cylinder  and  2  triaxial  specimens  were  tested  for  this  part  of  the  investigation.  In 
the  permanent  strain  tests,  because  the  number  of  specimens  was  limited,  it  was  not  possible  to 
perform  replicate  tests  for  each  stress  path.  However,  for  the  resilient  strain  tests,  duplicate  tests 
were  carried  out  The  emphasis  of  the  presentation  of  the  results  from  the  permanent  strain  tests  is 
placed  mainly  on  the  trend  of  permanent  strain  development  rather  than  the  absolute  values  of 
strains.  This  approach  is  considered  to  be  applicable,  particularly  for  programs  involving  small 
numbers  of  tests.  In  general,  more  information  was  available  from  resilient  strain  tests,  despite  the 
use  of  much  fewer  specimens.  As  a  result,  a  more  detailed  analysis  of  the  results  was  possible. 


B .  PERMANENT  STRAIN  TESTS 

In  a  permanent  strain  test,  the  electronic  signals  from  all  the  instrumentation  were 
monitored  without  interruption  during  the  first  30  cycles.  Typical  plots  of  the  relationship  between 
stresses  and  one  of  the  strain  components  with  time  are  shown  in  Figures  41  and  42,  respectively. 
A  few  cycles  of  time  are  normally  required  at  the  start  of  the  test  for  the  stresses  to  reach  their  target 
values.  The  average  number  of  data  points  captured  per  cycle  during  the  first  30  cycles  was  about 
eight.  To  collect  data  for  subsequent  numbers  of  cycle,  the  test  was  stopped  and  the 
nonrecoverable  or  permanent  strain  components  were  then  individually  recorded. 


1 .  Comparison  between  Triaxial,  Uni-  and  Bidirectional  Shear  Reversal  Conditions 

The  variations  of  permanent  strain  with  number  of  stress  cycles,  for  the  nine 
specimens  used  in  the  three  series  of  repeated-load  HCA  tests,  are  shown  in  Figures  43  to  46. 
Four  types  of  strains  were  included  for  comparison.  They  were  the  permanent  axial  strain,  (ea)p 
(Figure  43),  the  permanent  horizontal  strain,  (Eh)p  (Figure  44),  defined  here  as  the  sum  of  the 
radial  and  circumferential  strains  ,  the  permanent  volumetric  strain,  (Ev)p  (Figure  45)  and  the 
permanent  maximum  shear  strain  in  the  6-z  plane,  (Emaxlp,  as  defined  in  equation  34  (Figure  46). 
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TIME  (MILLISECOND) 


Figure  41.  Variation  of  Stresses  with  Time  during  the  first  30  Cvcles  of 
Permanent  Strain  Test. 


Figure  42.  Variation  of  Axial  Strain  with  Time  during  the  first  30  cycles 
of  a  Permanent  Strain  Test. 
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Figure  44.  Variarion  of  Permanent  Horizontal  (Sum  of  Radial  and  Circumferential) 
Strains  with  Number  of  Stress  Cycles  for  all  Series  of  Permanent  Strain 


77 


PERMANENT  Va.  STRAM  (MICROSTRAIN)  PERMANENT  VOL.  S11^  (MICROSTRAIN)  PERMANENT  Va.  STRNN  (MICROSTRAIN) 


5000 


Figure  45.  Variarion  of  Permanent  Volumetric  Strains  with  Number  of  Stress 
Cycles  for  all  Series  of  Peimanem  Strain  Tests. 
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Figure  46.  Variation  of  Permanent  Maximum  Shear  Strains  with  Number  of  Stress 
Cycles  for  all  Series  of  Permanent  Strain  Tests. 


The  use  of  the  sum  of  the  radial  and  circumferential  instead  of  their  individual 
values  was  justifiable  as  they  both  had  broadly  the  same  magnitude  and  sign  and  varied  in  similar 
manner  with  the  number  of  cycles. 

Figures  43  to  46  are  largely  self-explanatory.  However,  some  description  may  be 
required  to  highlight  the  important  features; 

a.  In  the  first  series  of  tests,  while  the  skill  of  operating  the  newly  modified 
test  apparatus  was  still  being  perfected,  the  stresses  which  were  applied  to  the  specimens  during 
the  first  10  cycles  were  rather  variable.  As  a  result,  it  was  decided  that  the  permanent  strains 
occurring  during  this  early  period  should  be  discarded.  Hence,  zero  permanent  strains  were 
assumed  at  cycle  10  for  all  the  tests  in  this  series.  In  subsequent  test  series,  all  strains  were 
presented  from  the  first  cycle. 

b.  The  magnitude  of  all  strain  components  is  quite  small,  even  after  10,000 
cycles  of  stress.  In  the  first  test  series,  the  maximum  strain  remained  less  than  0.5  percent.  With 
the  shear  stress  ratio,  (^p)niax  increased  from  1  (in  the  first  test  series)  to  1 .2,  the  maximum  strain 
in  the  second  and  third  series  reached  about  1.5  percent.  In  general,  (Ev)p  is  about  2  times  (£max)p- 
In  all  tests,  (ea)p  are  positive  (compressive)  while  most  (£h)p  values  are  negative  (dilatant). 
However,  because  of  the  predominantly  high  magnitude  of  the  axial  strains,  the  resulting 
volumetric  strains  are  all  jwsitive,  indicating  contraction.  The  permanent  maximum  shear  strains, 
on  the  other  hand,  are  all  positive  by  definition. 

c.  Most  components  of  strains,  with  the  exception  of  (£h)p,  increase  gradually 
and,  broadly  linearly,  with  the  logarithm  of  the  number  of  cycles.  In  the  first  test  series,  after  about 
2(XX)  cycles,  the  permanent  strains  tended  to  stabilize.  In  subsequent  series,  signs  of  stabilization 
of  strain  were  observed  for  some  but  not  all  tests. 

d.  The  most  obvious  difference  in  permanent  strain  behavior  among  the  three 
investigated  stress  conditions  is  found  in  the  development  of  permanent  horizontal  strain  (Figure 
44).  Under  triaxial  condition,  (£h)p  was  dilatant  and  remained  so  throughout  the  test.  It  also  tended 
to  stabilize  rather  rapidly  at  a  terminal  value.  However,  when  reversed  shear  stresses  were  applied, 
the  initial  permanent  strain  was  dilatant  but  then  after  100  to  300  cycles  of  stress,  it  started  to  move 
towards  the  compressive  end.  In  the  two  cases  with  unidirectional  shear  reversal  in  Series  1  and  2, 
the  change  from  negative  to  positive  permanent  strain  occurred  rather  rapidly  and  tended  to 
accelerate  towards  the  end  of  the  tests. 
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e.  It  appears  that  higher  permanent  contractive  volumetric  strains  occurred 
when  reversed  shear  stresses  were  applied  (see  Figure  45).  In  the  first  test  series,  (£v)p  under 
triaxial  stress  conditions  was  only  one  third  to  one  fourth  of  that  with  shear  reversal.  However, 
with  the  ratio  of  the  torsional  shear  to  vertical  stress  reduced,  there  seemed  to  be  less  difference 
between  the  strains  for  the  three  conditions.  Figure  45  may  also  suggest  that  when  the  stress  rado 
mentioned  above  is  high,  condidons  with  bidiiecdonal  shear  reversal  are  likely  to  result  in  more 
permanent  volumetric  strain. 

f .  The  behavior  of  (ea)p  and  (Cmaxlp  is  very  similar.  In  the  first  test  series,  the 
specimen  under  triaxial  stress  condidons  (which  incidentally  was  the  very  first  specimen  to  be 
tested  in  the  test  program)  developed  the  smallest  permanent  strain.  However,  in  both  subsequent 
test  series,  specimens  under  triaxial  stress  conditions  were  found  to  develop  the  highest  strains. 
The  results  from  these  latter  test  series  led  to  the  belief  that  the  first  specimen  may  have  suffered 
from  some  disturbance  or  strain  history  during  the  “setup”  of  the  test.  This  may  also  explain  the 
much  smaller  permanent  volumetric  strains  which  occurred  in  this  specimen. 

g.  Taking  into  account  of  the  possible  error  mentioned  in  paragraph  f  above 
and  based  on  Figure  46b  and  46c,  it  appears  that  when  reversed  shear  stresses  are  applied,  a 
reduction  in  the  build-up  of  permanent  maximum  shear  strain  is  likely  to  occur.  Figure  46  also 
indicates  consistently  that  higher  (etnax)p  occurs  under  the  bidirectional  than  unidirectional  shear 
stress  reversal. 


2.  Comparison  between  Results  from  Tests  carried  out  in  Repeated- load  HC A  and 

Triaxial  Apparatus 

A  comparison  of  the  permanent  strains  from  the  HCA  Tests  4  and  7  under  triaxial 
stress  conditions  and  the  two  tests  carried  out  in  the  repeated-load  triaxial  test  apparatus  involving 
the  use  of  an  identical  set  of  stresses  are  shown  in  Figures  47  to  50. 

The  scatter  of  results  shown  in  the  figures  were  considered  acceptable  when 
compared  with  others  (18)  which  involved  up  to  five  replicate  tests  using  one  piece  of  test 
apparatus.  More  consistent  results  were  obtained  for  permanent  axial  strain  than  for  horizontal 
strain  which,  for  tests  carried  out  in  the  triaxial  test  apparatus,  is  defined  as  twice  the  permanent 
radial  strain.  For  the  latter  strain,  although  the  pattern  of  strain  development  in  tests  carried  out  in 
both  apparatus  was  very  much  the  same,  the  strain  magnitudes  obtained  from  the  HCA  were  found 
to  be  much  higher. 
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PERMANENT  HORT.  STRAIN  (MICROSTRAIN)  ^  PERMANENT  AXIAL  STRAIN  (MICROSTRAIN) 
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47.  Comparison  between  Permanent  Axial  Strains  obtained  under  identical 
Stress  Condidons  from  the  Repeated-Load  Triaxial  and  Hollow  Cylinder 
Test  Apparatus. 
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Figure  48.  Comparison  between  Permanent  Horizontal  (Sum  of  Radial  and 
Circumferendal)  Strains  obtained  under  idendcal  Stress  Condidons  from 
the  Repeated-Load  Triaxial  and  Hollow  Cylinder  Test  Apparatus. 
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PERMANENT  SHEAR  STRAIN  (MICROSTRAIN)  ^  PERMANENT  VOL.  STRAIN  (MICROSTRAIN) 
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49.  Comparison  between  Permanent  Volumetric  Strains  obtained  under  the 
identical  Conditions  from  the  Repeated-Load  Triaxial  and  Hollow 
Cylinder  Test  Apparatus. 
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Figure  50.  Comparison  between  Permanent  Shear  Strains  obtained  under  identical 
Stress  Conditions  from  the  Repeated-Load  Triaxial  and  Hollow  Cylinder 
Test  Apparatus. 
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A  comparison  of  (ev)p  and  (efnax)p  from  the  HCA  Tests  5  and  8  and  the  two  tests 
performed  with  the  repeated-load  triaxial  test  apparatus  are  shown  in  Figure  51  and  52 
respectively.  Both  the  HCA  tests  were  performed  under  the  condition  with  unidirectional  shear 
reversal  and  both  repeated-load  triaxial  tests  involved  an  identical  (^p)max  value  as  those  used  in 
the  HCA  tests.The  comparison  indicates  that  the  permanent  strain  behavior  of  the  granular  material 
under  the  condition  simulated  by  the  HCA  with  the  particular  magnitude  of  reversed  shear  stresses 
is,  by  and  large,  similar  to  that  obtained  by  the  repeated-load  triaxial  test  apparatus. 


C.  50  -  CYCLE  TESTS 

Since  the  stress-strain  behavior  of  the  hollow  cylinder  specimen  was  continuously 
monitored  during  the  50-cycle  tests,  the  average  number  of  data  points  recorded  per  cycle  was 
reduced  to  five.  As  a  result,  some  peaks  and  troughs  of  the  stress  and  strain  waveforms  could  not 
be  captured.  However,  it  was  believed  that  the  overall  rate  of  permanent  strain  development  during 
the  two  parts  of  each  test  was  satisfactorily  obtained  for  comparison  purpose. 

Figures  53  and  54  illustrate  one  of  the  results  obtained  from  a  50-cycle  test.  In  these 
figures,  the  variation  of  strain,  including  both  the  recoverable  and  non-recoverable  components, 
with  the  logarithm  of  the  number  of  cycles  for  the  two  pans  of  the  test  is  sho^^  n.  Figure  53 
indicates  that  the  accumulated  permanent  axial  strain  varies  approximately  linearly  with  the 
logarithm  of  the  number  of  cycles  within  both  pans  of  the  test  but  at  different  raie.'>  under  the  two 
different  stress  conditions.  This  behavior  was  also  observed  for  the  permanent  horizontal  strain,  as 
shown  in  Figure  54,  although  the  behavior  was  generally  dilatant.  Simplified  plots  to  illustrate 
these  results  are  shown  in  Figure  55  in  which  the  venical  axis  represents  only  permanent  strain  and 
the  slopes  for  the  two  pans  of  the  test  are  highlighted.  Similarly,  the  slopes  for  the  permanent 
volumetric  and  maximum  shear  strain  could  be  calculated. 

A  summary  of  these  slopes,  or  rate  of  permanent  strain  development  for  the  seven  50-cycle 
tests  is  shown  in  Table  6.  All  positive  rate  values  represent  a  tendency  to  develop  compressive 
strain  while  the  negative  ones  indicate  dilatancy.  When  these  results  were  analyzed,  emphasis  was 
placed  on  the  comparison  of  strain  rates  obtained  within  one  test.  The  use  of  an  individual  strain 
rate  for  general  comparison  purposes  may  be  misleading  because  of  the  likely  strain  histwy  effect 
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Figure  5 1 .  Comparison  between  Permanent  Volumetric  Strains  obtained  under 
identical  from  Repeated-load  Triaxial  Tests  and  Repeated- 

Lxiad  Hollow  Cylinder  Tests  with  Unidirectional  Shear  Reversal. 
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Figure  52.  Comparison  between  Permanent  Shear  Strains  obtained  under  identical 
(^p)„„  frimt  Repeated-load  Triaxial  Tests  and  Repeated-load 
Hollow  Cylinder  Tests  with  Unidirectional  Shear  Reversal. 
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HORIZONTAL  STRAIN  (MICROSTRAIN)  ^  AXIAL  STRAIN  (MICROSTRAIN) 


lire  53.  Variation  of  Axial  Strain  with  Number  of  Stress  Cycles  in  a  50-Cycle 
Test  with  Reversed  Shear  Stresses  applied  at  the  25th  Cycle. 
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Figure  54.  Variation  of  Horizontal  (Sum  of  Radial  and  Circumferential)  Strain  with 

Number  of  Stress  Cycles  in  a  50-Cycle  Test  with  Reversed  Shear 
Stresses  applied  at  the  25th  Cycle. 


86 


PfRUANENT  HORT.  STRAIN  (iic )  PERMANENT  AXIAL  STRAIN  (lie) 


10000 


5000  H 


0 


-5000 


-10000 


Figiire  55. 


Simplified  Plot  of  Variation  of  Permanent  Strains  with  Number  of 
Cycles  showing  the  corresponding  Strain  Rates. 
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TABLE  6. 


SUMMARY  OF  PERMANENT  STRAIN  RATES  IN  50-CYCLE  TESTS 


Test 

Number 

Axial  Strain 

Horizontal  Strain 

Volumetric  Strain 

Shear  Strain 

w/She« 

No/Shear 

w/Shear 

No/Shear 

w/Shear 

N(VShear 

w/Shear 

No/Shear 

1 

2600 

2352 

-300 

-600 

2100 

1520 

1100 

1071 

2 

264 

220 

-76 

-50 

190 

100 

150 

165 

3 

2530 

334 

-2616 

-630 

-346 

-134 

2375 

289 

4 

5964 

1832 

-3737 

-1532 

1667 

-209 

4198 

1443 

5 

10740 

1471 

-15226 

-4712 

-3924 

-2513 

8537 

2242 

6 

1975 

1859 

-667 

-860 

325 

-50 

715 

689 

7 

7291 

3388 

-14176 

-9956 

-2480 

-2400 

6501 

3580 

on  the  panicular  rate  value.  Examples  can  be  found  from  the  results  for  Tests  2  and  6.  The  strain 
rates  obtained  in  these  tests  were  generally  very  low  despite  an  increased  stress  ratio  (“Vplmax  (see 
Table  5). 

A  plot  of  the  permanent  strain  rates  obtained  from  stress  conditions  with  unidirectional 
shear  reversal  against  those  from  triaxial  (no  shear)  conditions  is  shown  in  Figure  56.  The  plot 
contains  values  from  the  four  strain  components. 

Figure  56  indicates  that  most  data  points  lie  well  within  the  region  where  the  absolute  value 
of  the  permanent  strain  rate  obtained  under  the  condition  with  shear  reversal  is  higher  than  that 
under  triaxial  condition.  Note  that  the  data  points  include  results  involving  the  two  test  sequences 
described  in  Table  5.  Therefore,  any  possible  strain  history  caused  by  the  first  25  cycles  of  stress 
are  considered  in  the  comparison. 

In  Figure  56,  the  horizontal  distance  between  the  data  points  and  the  line  of  equality 
represents  the  difference  between  the  two  strain  rates.  Generally,  large  differences  were  obtained 
for  both  the  permanent  axial  and  horizontal  strain  rates.  The  change  in  strain  rate  for  the  permanent 
shear  strain  is  somewhat  smaller.  The  least  difference  in  strain  rate  between  the  ’’with-"  and 
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STRAIN  RATE  (WITHOUT-SHEAR  CONDITION) 
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Figure  56.  Comparison  of  Rates  of  Permanent  Strain. 
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"without-"  reversed  shear  condition  was  that  for  the  permanent  volumetric  strain.  This  is  due 
largely  to  the  fact  that  the  signs  for  the  permanent  axial  and  horizontal  strains  arc  opposite.  Hence, 
when  their  summation  was  performed  to  obtain  the  permanent  volumetric  strain,  the  effect  due  to 
the  reversed  shear  stresses  was  significantly  reduced.  None  the  less,  it  is  worth  noting  that  in  tests 
number  4  and  6,  the  permanent  volumetric  strain  changed  from  dilatant  when  under  triaxial 
condition  to  compressive  when  reversed  shear  stresses  were  applied  (see  Table  6). 


D.  RESILIENT  STRAIN  TESTS 

1 .  Resilient  Behavior  during  Permanent  Strain  Tests 

The  resilient  behavior  of  the  granular  material  during  the  permanent  strain  tests  was 
continuously  monitored.  Comparisons  of  the  resilient  volumetric  and  maximum  shear  strains 
obtained  during  the  nine  tests  are  shown  in  Figures  57  and  58,  respectively.  All  the  strains  were 
caused  by  the  same  stress  conditions  which  were  used  for  the  particular  permanent  strain  test.  The 
comparisons  generally  indicate  that  the  application  of  a  reversed  shear  stress,  either  uni-  or 
bidirectional,  does  not  result  in  significant  changes  in  the  resilient  behavior  of  the  material.  The 
only  exception  occurred,  again,  in  the  resilient  volumetric  strain  of  the  first  specimen  of  the  first 
series  (Figure  57a)  which  may  have  undergone  some  degree  of  strengthening  due  to  previous 
straining.  However,  the  overall  results  also  indicate  a  gradual  decrease  in  resilient  strains  as 
permanent  strains  build  up. 


2 .  Resilient  Behavior  under  Wide  Range  of  Stress  Conditions 

While  Figures  57  and  58  only  show  the  influence  due  to  reversed  shear  stresses, 
more  results  were  obtained  from  resilient  strain  tests  performed  on  a  separate  hollow  cylinder  and 
one  triaxial  specimen.  These  tests  covered  a  large  number  of  stress  paths  which  included  variations 
in  the  angle  of  principle  plane  rotation  and  the  intermediate  principal  stress.  A  summary  of  the 
results  of  these  tests  are  presented  in  Appendix  D. 

For  each  stress  path  used  in  a  resilient  strain  test,  at  least  50  cycles  of  stress  were 
applied  before  the  first  set  of  strain  responses  was  recorded.  A  duplicate  set  of  results  was  taken 
after  another  20  to  30  cycles  ( time  required  for  the  first  set  of  data  to  be  processed).  The  average 
of  the  two  sets  of  results  was  then  used  for  analysis.  Since  only  one  cycle  of  stresses  and  strains 
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was  normally  recorded  for  each  stress  path  used  in  a  resilient  strain  test,  it  was  possible  to  record 
50  data  points  for  each  component  of  stress  and  strain. 


a.  Results  of  Tests  carried  out  in  the  Repeated-load  Triaxial  Test  Apparatus 

Both  the  average  resilient  axial  and  radial  strains  were  measured  during  the 
tests  which  involved  the  use  of  19  stress  paths.  The  stress-strain  relationships  of  the  granular 
materials  was  again  summarized  by  the  mathematical  contour  model  described  in  Section  DC. 

A  multiple  regression  analysis  was  carried  out  to  determine  the  coefficients 
used  in  Equations  (7)  and  (9).  The  best  fit  values  thus  obtained  are  shown  as  follows: 

G  1=  1282  m=0.20 

Kl=  1596  n=  0.33  P=  0.08 

where  G1  and  K1  are  in  kPa  and  the  strains  calculated  are  in  fractions. 

Plots  of  the  resilient  volumetric  and  shear  strains  calculated  using  the  above 
coefficients  against  their  measured  values  are  shown  in  Figures  59  and  60  respectively.  For  the 
resilient  shear  strain,  a  correlation  coefficient,  R2,  of  0.96  was  obtained.  For  the  resilient 
volumetric  strain,  R^,  was  0.95.  The  overall  high  R^  values  confirmed  that  the  contour  model  was 
able  to  predict  the  resilient  behavior  of  the  granular  material  tested  by  the  repeated -load  triaxial 
apparatus. 


b .  Results  of  Repeated-load  Hollow  Cylinder  Tests 

( 1 )  Triaxial  Stress  Paths 

Before  analysis  of  the  cases  involving  principal  plane  rotation,  it 
appeared  to  be  appropriate  to  consider  the  stress-strain  behavior  of  the  hollow  cylinder  specimens 
tested  under  triaxial  stress  conditions.  To  do  this,  the  same  contour  model  described  in  the  last 
section  was  used.  In  order  to  allow  direct  comparison  of  the  coefficients  which  governed  the 
resilient  shear  modulus,  the  shear  strain  as  defined  in  Equation  (2)  was  used.  The  principal  values 
involved  in  the  equation  were  in  turn  calculated  using  Equations  (30)  and  (31).  For  the  evaluation 
of  bulk  modulus,  the  volumetric  strain  as  defuied  in  Equation  (35)  was  used. 
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CALCULATED  SHEAR  STRAIN  (pe)  |  CALCULATED  VOLUMETRIC  STRAIN  (pe) 
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re  59.  Comparison  of  Predicted  and  Measured  Resilient  Volumetric  Strain  from 

Repeated'Load  Triaxial  Tests. 


Figure  60.  Comparison  of  Ffrcdicted  and  Measured  Resilient  Shear  Strain  from 
Repeated*Load  Triaxial  Tests. 
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A  total  of  23  triaxial  stress  paths  were  used  in  the  resilient  strain 
tests  performed  by  means  of  the  HCA.  A  multiple  regression  analysis  performed  on  the  results  of 
these  tests  yielded  the  following  results: 


Gl=994  m  =  0.20 

K1  =  809  n  =  0.33  P  =  0.08 

where  G1  and  K1  are  in  kPa  and  the  strains  calculated  are  in  fraction. 


Plot  of  the  calculated  resilient  volumetric  and  shear  strains  against 
their  measured  values  are  shown  in  Figure  61  and  62  respectively.  The  value  for  the  resilient 
shear  strain  is  again  very  high  but  that  for  the  volumetric  strain  is  very  much  reduced.  However, 
the  best  fit  values  for  the  coefficients  m,n  and  P,  obtained  independently  by  multiple  regression 
analysis,  are  the  same  as  those  obtained  from  tests  using  the  repeated-load  triaxial  apparatus.  This 
indicates  that  both  laboratory  devices  are  consistent  in  determining  the  non-linear  and  stress- 
dependent  components  of  the  behavior  model  used.  However,  for  the  remaining  constants,  K1  and 
Gl,  they  were  found  to  be  respectively  97  percent  and  29  percent  less  than  their  counterpans 
obtained  from  the  triaxial  test  apparatus. 


(2)  Stress  Paths  involving  Principle  Plane  Rotation 

To  model  the  behavior  of  granular  material  under  rotating  principal 
stresses,  it  is  vital  to  know  the  directions  of  the  strain  change.  In  traditional  material  science 
theories,  the  general  assumption  is  that  during  elastic  behavior,  the  directions  of  principal  stress 
and  strain  coincide.  In  this  project,  this  assumption  was  examined  first. 

Figures  63  to  66  show  the  variation  in  the  angles  of  major  principal 
stress  and  strain  (from  the  vertical  direction)  with  time  during  one  cycle  of  loading.  The  figures 
embrace  the  results  from  four  different  stress  paths  involving  different  tiKxles  of  stress  and  strain 
rotation.  The  data  shown  in  the  figures  were  calculated  from  measured  responses  which  were  not 
electronically  or  mathematically  filtered.  As  a  result,  they  are  subjected  to  errors  due  to  electrical 
"noise"  and  other  interference  in  the  measuring  system.  E>espite  this,  they  indicate  that  the  rotations 
of  major  principal  stress  and  strain  are  generally  coincident. 

This  fuiding  is  panicularly  encouraging  as  it  suggests  that  there  is  no 
need  for  a  stress-strain  model  to  consider  the  additional  relationship  between  the  direction  of  stress 
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CALCULATED  SHEAR  STRAIN  (pc)  CALCULATED  VOLUMETRIC  STRAIN  (pe) 


Figure  62.  Comparison  of  Predicted  and  Measured  Resilient  Shear  Strain  from 
Repeated'Load  Hollow  Cylinder  Tests  under  Triaxial  Stress  Conditions. 


ANGLE  OF  PRINC.  ROTATION  (DEG.)  §  ANGLE  OF  PRINC.  ROTATION  (DEG.) 


TIME  (MILLISECOND) 


63.  Relationship  between  Rotation  of  Principal  Stress  and  Strain  Planes 
(when  Pi  =Po=  1(X)  kPa;  Oz  varies  from  IfX)  to  250  kPa;  Tze  varies  from 
-22  to  22  kPa  and  the  phase  angle  shift  between  Oz  and  tze  is  +90°). 


TIME  (MILLISECOND) 


Figure  64.  Relationship  between  Rotation  of  Principal  Stress  and  Strain  Planes 
(when  Pi  =Po=  1(X)  kPa;  Oz  varies  from  1(X)  to  2(X)  kPa;  Tz0  varies  from 
0  to  20  kPa  and  the  phase  angle  shift  between  Oz  and  tzO  is  0°). 
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Figure  65.  Relationship  between  Rotation  of  Principal  Stress  and  Strain 
Planes(when  Pi  =Po=  100  kPa;  Oz  varies  from  100  to  150  kPa;  Tzg  =  20 
kPa) 


TIME  (MILUSECOND) 


Figure  66.  Relationship  between  Rotation  of  Principal  Stress  and  Strain 
Planes(when  Pi  =Po=  100  kPa;  Oz  =100  kPa;  tze  varies  from  +20  to  -20 


and  strain.  As  a  result,  the  use  of  an  invariant  approach,  such  as  the  contour  nxxlel,  to  represent 
the  genera]  stress  and  strain  conditions  may  still  be  considered  appropriate.  However,  in  doing  so. 
the  angle  of  principal  plane  rotation,  a  and  possibly,  the  b-value  which  is  used  to  characterize  the 
intermediate  principal  stress,  may  need  to  be  included. 

The  development  of  a  resilient  stress-strain  models  under  general 
stress  conditions  is  beyond  the  scope  of  this  project  Therefore,  the  investigation  performed  here  is 
only  limited.  The  analysis  consisted  of  using  the  contour  model  and  the  coefficients  established 
earlier  for  the  triaxial  conditions  to  predict  the  resilient  strains  under  the  new  and  more  complex 
stress  conditions  which  involved  principal  plane  rotation.  In  the  prediction  calculation,  only 
principal  stresses  and  strains  were  used.  The  applicability  of  the  model  was  then  evaluated  by 
determining  how  well  strains  could  be  predicted. 

As  shown  in  Figure  67,  the  correlation  between  the  predicted  and 
measured  resilient  shear  strains  for  the  133  stress  paths  which  were  used  is  generally  very  good 
with  R2  equal  to  0.93.  This  indicates  that  principal  plane  rotation,  which  is  not  represented  in  the 
stress-strain  model  does  not  have  much  influence  on  the  shear  behavior.  The  results  also  show 
that,  for  the  stress  conditions  analyzed  which  cover  a  wide  range  of  b  values  (see  Figure  D- 
l,Appendix  D),  the  effect  of  the  intermediate  principal  stress,  02,  can  be  satisfactorily  represented 
by  the  stress  invariant  p.  It  is  worth  noting  that  better  correlation  is  generally  obtained  when  the 
strain  is  positive  than  negative. 

To  calculate  resilient  volumetric  strain,  the  invariant  for  shear  stress, 
q  in  equation  9  was  replaced,  more  appropriately,  by  the  octahedral  value,  qoci  This  also 
necessitates  the  correction  of  the  P  value  in  the  equation.  A  plot  of  the  calculated  and  measured 
strains  is  shown  in  Figure  68.  Although  a  general  trend  towards  equality  was  observed, 
considerable  scatter  of  results  and  a  marked  drop  in  the  degree  of  correlation  were  obtained.  In 
order  to  investigate  the  discrepancy,  the  value,  ficy  defined  as; 


^''(measuTwl)  ^''(prodiaed) 

was  singled  out  for  further  analysis. 

Figure  69  shows  a  plot  of  5ev  against  ^Vpn,  which  represents  the 
change  of  torsional  shear  stress  normalized  by  the  mean  p  value,  p^.  A  similar  plot  of  5ev  against 

which  represents  the  cnangc  in  b  value  normalized  by  the  mean  shear  stress  ratio. 
(qoci)m/Pm*  **  shown  in  Figure  70.  These  normalized  parameters  were  chosen  simply  because  they 
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CALCUUTED  VOLUMETRIC  STRAIN  (^e)  S  CALCULATED  SHEAR  STRAIN  (^ie) 


MEASURED  SHEAR  STRAIN  (pe) 

67.  Comparison  of  Predicted  and  Measured  Resilient  Shear  Strain  from 
Repeated-Lx)ad  Hollow  Cylinder  Tests  under  General  Stress  Conditions. 


MEASURED  VOLUMETRIC  STRAIN  (pc) 


Figure  68.  Comparison  of  Predicted  and  Measured  Resilient  Volumetric  Strain  from 
Repeated-Load  Hollow  Cylinder  Tests  under  General  Stress  Conditions. 
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NORMALIZED  Sb  VALUE.  Sb/nn.  ^  NORMALIZED  TORSIONAL  SHEAR  STRESS.^VPm 
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-500 


(MEASURED  -  PREDICTED)  RESILIENT  VOL.  STRAIN  (ye) 

urc  69.  Variation  of  Normalized  Torsional  Shear  Stress  with  Errors  in  Predicted 
Resilient  Volumetric  Strains  in  Repeated-Load  Hollow  Cylinder  Tests. 


-3  . 
-500 


(MEASURED  -  PREDICTED)  RESILIENT  VOL.  STRAIN  (ye) 


Figure  70.  Variation  of  Normalized  5b-value  with  Errors  in  Predicted  Resilient 
Volumetric  Strains  in  Repeated-Load  Hollow  Cylinder  Tests. 
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fulfilled  the  vital  requirement  of  being  dimensionless  and  were  able  to  represent  respectively,  the 
effect  of  principal  plane  rotation  and  the  variation  in  intermediate  principal  stress.  Funhermore, 
both  parameters  include  the  mean  normal  stress  value,  p  and  shear  stresses,  in  the  form  of  either  t 
or  qoci,  which  arc  of  fundamental  importance  in  the  strain  behavior  of  granular  materials.  Hence, 
they  both  have  good  potential  to  be  included  in  the  development  of  an  improved  stress-strain 
model. 


Despite  the  widespread  scatter  of  results  in  both  figures.  Figure  69 
shows  a  tendency  for  higher  change  of  torsional  shear  stress  to  cause  more  compressive  volumetric 
strain  than  predicted.  This  finding  is  in  apparent  agreement  with  those  of  the  permanent  strain  tests 
regarding  the  effect  of  the  torsional  shear  stresses. 

Figure  70  suggests  that,  for  those  stress  paths  which  involved  a 
decrease  of  b-value  (i.e.  -♦■5b),  the  contour  model  tends  to  underpredict  the  compressive  volumetric 
strain.  However,  when  5b  is  negative,  higher  strain  is  predicted.  Very  little  consideration  has  been 
given  to  the  effect  of  the  b-value  on  resilient  behavior  of  granular  material.  One  set  of  test  results 
which  has  close  relevance  to  the  data  presented  here  is  from  the  triaxial  cxtention-compression  tests 
performed  by  Pappin  (18).  In  those  tests,  b  changed  from  1  during  extention  to  0  when  under 
compression.  Hence  5b  equal  to  +1.  He  found  that  most  of  his  calculated  resilient  volumetric 
strains  were  also  underpredicted. 


E.  DISCUSSION  OF  RESULTS 

1 .  Permanent  Strain  Behavior 

Results  of  the  hollow  cylinder  tests  indicate  that  the  permanent  strain  behavior  of 
granular  material  is  affected  by  the  reversed  shear  stresses.  However,  because  of  the  limited 
number  of  tests  and  stress  conditions  involved,  it  is  difficult  to  draw  any  definite  conclusion  about 
their  influence.  The  tests  revealed  that,  when  stress  conditions  arc  approaching  failure,  the  rate  of 
development  of  permanent  strain  may  be  significantly  increased  due  to  the  additional  reversed  shear 
stresses.  In  conditions  where  (^p)inax  is  low  and  when  the  magnitude  of  the  reversed  shear  stress 
is  small,  compared  with  other  normal  stresses,  the  difference  between  the  strain  response  under  the 
"with-shear"  and  triaxial  conditions  may  be  small.  Under  these  low  stress  conditions,  results  of 
tests  performed  by  the  less  complicated  repeated-load  triaxial  test  apparatus  were  found  to  be 
sufficiently  accurate. 
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Results  of  the  permanent  strain  tests  consistently  suggest  that  higher  permanent 
strains,  both  volumetric  and  maximum  shear,  are  obtained  due  to  bidirectional  reversed  shear 
stresses.  This  finding  appears  to  conform  with  the  results  of  the  large-scale  rutting  tests  carried  out 
in  the  Pavement  Test  Facility. 


2  Resilient  Strain  Behavicn* 

Although  the  scale  of  effort  invested  in  the  study  of  the  resilient  strain  behavior  was 
not  as  large  as  that  for  the  permanent  strain,  a  few  interesting  findings  were  obtained.  One  which 
may  be  considered  important  is  the  observation  that  rotation  of  principal  stress  and  strain  planes 
were  coincident  during  resilient  tests.  This  provides  support  for  the  continuing  use  of  a  relatively 
simple  invariant  approach  to  model  the  resilient  behavior  even  under  the  more  complex  stress 
conditions.  The  investigation  showed  that  the  resilient  shear  strain  in  the  plane  where  the  torsional 
shear  stress  was  acting  was  independent  of  the  rotation  of  the  principal  plane  caused  by  the  shear 
stress.  It  funher  indicated  that  the  contour  model  and  its  coefficients,  obtained  from  tests  under 
triaxial  conditions,  could  be  used  to  provide  reasonably  good  predictions  of  the  shear  strain  under  a 
much  wider  range  of  complex  stress  conditions. 

The  volumetric  behavior,  however,  was  difficult  to  model  correctly;  nonetheless,  an 
indication  of  behavior  relating  to  the  applied  torsional  shear  stress  and  the  variation  of  the 
intermediate  principal  stresses  was  obtained.  This  should  provide  some  insight  for  future 
improvement  of  models  for  resilient  volumetric  strain. 

Tests  carried  out  in  the  repeated- load  triaxial  apparatus  and  the  HCA  yielded  similar 
coefficients  for  the  contour  model.  However,  under  identical  stress  conditions,  the  volumetric 
strains  obtained  from  the  HCA  were  found  to  be  higher.  One  possible  reason  for  the  discrepancies 
could  be  due  to  the  small  gauge  length  in  the  radial  direction  of  the  hollow  cylinder  specimen. 
Compared  with  that  in  the  circumferential  direction  of  the  same  specimen  and  the  radial  direction 
of  a  triaxial  specimen,  it  was  respectively  8  and  5.4  times  less.  As  a  result,  any  possible  error  will 
be  magnified  by  the  same  order.  As  the  calculation  of  the  resilient  maximum  shear  strain  in  the 
hollow  cylinder  is  independent  of  the  radial  strain,  the  discrepancy  between  the  results  obtained 
from  the  two  pieces  of  apparatus  was  found  to  be  very  much  reduced. 
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SECTION  VII 


VALIDATION  OF  REPEATED-LOAD  HOLLOW  CYLINDER  TESTS 

A.  INTRODUCTION 

The  potential  of  the  HCA  to  simulate  moving  traffic  in  laboratory  element  tests  was 
demonstrated  in  the  last  section.  The  results  of  the  tests  indicated  that  the  permanent  deformation 
behavior,  in  particular,  of  granular  material  was  very  much  influenced  by  the  characteristic 
reversed  shear  stresses  from  a  moving  wheel  load.  In  order  to  ensure  that  the  HCA  will  continue  to 
serve  as  an  important  and  useful  laboratory  device  for  the  study  of  granular  material  behavior  for 
pavement  applications,  validation  of  the  current  test  data  by  means  of  wheel  tracking  experiments 
in  the  Pavement  Test  Facility  appeared  to  be  desirable. 

Emphasis  of  these  validation  tests  was  placed  on  the  permanent  deformation  behavior  of  the 
granular  material.  This  was  because  the  latter  behavior  is  generally  difficult  to  model  theoretically 
and,  hence,  its  incorporation  in  any  analytical  design  method  will  depend  directly  on  the  results  of 
individual  laboratory  tests,  such  as  those  performed  in  this  project. 


B.  APPROACH  TO  THE  VALIDATION  EXPERIMENT 

The  objective  of  the  experiment  was  to  reproduce  the  same  stress  conditions  in  the  granular 
base  of  the  PTF  tests  under  a  moving  wheel  as  those  imposed  on  the  specimen  in  the  earlier  hollow 
cylinder  tests  which  involved  reversed  shear  stresses.  Comparison  of  the  permanent  deformation 
response  of  the  granular  base  was  then  made  with  that  of  the  hollow  cylinder  specimen.  The  main 
comparison  was  limited  to  the  permanent  vertical  strain  which  is  closely  related  to  the  rut  formation 
in  the  pavement. 

Unlike  the  uniform  stresses  experienced  by  the  hollow  cylinder  specimen,  the  magnitudes 
of  the  stress  components  within  the  granular  base  layer  varied  with  the  depth  below  the  pavement 
surface.  Furthermore,  the  magnitudes  of  the  longitudinal  (i.c.  parallel  to  the  direction  of  traffic)  and 
lateral  stresses  in  the  pavement  were  not  only  different,  but  also  were  believed  to  be  influenced  by 
residual  stresses  resulting  from  the  compaction  process.  These  stresses  are  very  difficult  to 
measure.  Asa  result,  it  became  clear  that  only  part  of  the  granular  base  would  experience  similar 
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stresses  to  those  used  in  the  HCA  tests  and  that  matching  of  all  components  of  stress  at  a  general 
depth  within  the  layer  would  be  difficult,  if  not  impossible. 

Nevertheless,  to  identify  an  appropriate  pan  of  the  granular  base  for  comparison  of 
response,  a  comprehensive  instrumentation  program  was  designed  so  that  the  stresses  and  the 
corresponding  strains,  both  resilient  and  permanent,  could  be  captured.  However,  matching  the 
stresses  would  be  hampered  by  the  limited  number  of  stress  measuring  device  that  could  be 
installed  in  the  granular  layer.  Therefore,  it  appeared  advantageous  to  use  the  measured  resilient 
venical  strain,  which,  in  turn,  depended  on  the  overall  stress  changes,  as  the  primary  matching 
criterion  for  the  validation  experiment.  The  limited  number  of  stress  measurements,  on  the  other 
hand,  would  be  used  in  an  analytical  evaluation  procedure  to  aid  the  determination  of  a  more 
complete  stress  pattern  throughout  the  granular  layer. 

Efforts  were  also  made  to  ensure  that  other  test  condition,  with  the  exception  of  the  means 
of  loading,  were  similar.  These  conditions  included: 


1 .  Materials 

Both  the  granular  materials  used  in  the  HCA  and  PTF  tests  were  produced  by  the 
same  quarry  with  maximum  panicle  size  of  5  mm  and  Fuller’s  “n”  value  of  approximately  0.4.  As 
the  material  was  formed  by  only  one  bin  size  of  aggregates,  variations  of  grading  were  found  to  be 
negligible.  Whilst  approximately  21  kg  of  materials  was  needed  for  each  HCA  test,  over  3000  kg 
of  material  was  used  in  the  large-scale  experiment.  The  granular  base  was  overlain  by  a  British 
Standard  (29)  gap  graded  bituminous  wearing  course  and  underlain  by  a  stiff  silty  clay  subgrade 
with  CBR  of  about  5  percent. 


2 .  Means  of  Compaction 

Both  materials  were  subjected  to  a  vibratory  type  of  compaction.  The  granular  base 
was  compacted  by  a  vibrating  roller,  while  the  granular  material  in  the  HCA  tests  was  compacted 
by  a  vibrating  table.  The  similarity  in  method  of  specimen  preparation  may  help  to  reduce  the 
influence  on  behavior  due  to  the  possibly  different  fabric  caused  by  different  means  of  compaction. 
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3 .  Dry  Density  and  Moisture  Content 


The  dry  density  of  the  granular  base  was  continuously  monitored  during 
compaction  by  means  of  a  nuclear  density  meter.  The  average  dry  density  of  the  base  was  1953 
kg/m^,  which  compared  with  2(XX)  kg/m^for  Specimens  5  and  8  of  the  HCA  tests.  Moisture 
content  of  the  granular  base  was  about  2  percent  after  a  limited  period  of  air  drying.  In  the  HCA 
tests,  however,  dry  materials  were  used. 


C.  PAVEMENT  DESIGN 

The  thickness  of  the  granular  base  was  dictated  by  the  number  of  instruments  that  needed  to 
be  accomodated.  As  a  result,  the  minimum  thickness  of  225  mm  was  used.  The  existing  subgrade 
condition  was  considered  acceptable.  Therefore,  the  only  design  variable  was  the  thickness  of  the 
bituminous  layer.  The  computer  program,  BISTRO  (30),  which  is  based  on  linear  elastic  layer 
theory,  was  used  to  guide  the  preliminary  design.  The  elastic  moduli  for  the  bituminous  and 
subgrade  materials  were  estimated  on  the  basis  of  past  research.  However,  test  results  presented  in 
the  last  section  were  used  to  obtain  moduli  for  the  granular  base.  The  design  also  took  into 
consideration  the  range  of  contact  stresses  provided  by  the  PTF.  The  final  designed  thickness  of 
the  bituminous  layer  was  60  mm.  With  this  value,  it  wa^  estimated  that  the  vertical  stress  and  strain 
at  the  middle  of  the  granular  base  due  to  a  8  kN  wheel  load  would  be  similar  to  that  used  in  the 
HCA  tests. 

Due  to  the  crudeness  of  the  design  method  and  recognizing  the  complex  stress-strain 
behavior  of  pavement  materials,  it  was  decided  that  two  identical  pavement  sections,  both  fully 
instrumented,  should  be  constructed  and  tested.  The  first  pavement  was  used  in  a  series  of  trials  in 
which  the  moving  wheel  load  was  progressively  increased  and  the  stresses  and  strains  in  the 
granular  base  were  continuously  monitored.  The  final  wheel  load  was  selected  when  the  target 
stress  conditions  in  the  granular  base  were  achieved.  This  wheel  load  was  then  used  from  the 
beginning  of  the  test  performed  on  the  second  pavement  section.  Both  pavement  tests  involved 
over  10,000  passes  of  the  wheel  which  was  loaded  unidirectionally  along  a  single  track.  W^eel 
speed  was  about  3.6  km/hr  and  the  test  temperature  was  20  to  25  °C.  A  photograph  of  the  two 
tracks  used  in  the  experiment  is  shown  in  Figure  1 1  (Page  25). 
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D.  INSTRUMENTATION 

The  pavement  sections  were  instrumented  using  diaphragm  pressure  cells,  developed  at 
Nottingham,  and  Bison  inductance  strain  coils.  Details  of  instrument  characteristics  and  method  of 
calibration  are  reported  elsewhere  (31).  Details  of  the  arrangement  of  instruments  in  one  pavement 
section  are  shown  in  Figure  71.  The  use  of  two  columns  of  strain  coils  allowed  vertical  strains  at 
five  locations  along  the  depth  of  the  granular  base  to  be  captured.  Despite  the  need  for  deuiled 
stress  distribution,  the  number  of  pressure  cells  had  to  be  limited  in  order  to  prevent  the  relatively 
thick  cable  and  large  cells  ftom  interfering  with  the  stress  field.  A  pressure  cell  inclined  at  4S 
degrees  to  the  vertical  was  included  to  allow  calculation  of  shear  stress  in  the  material.  A 
photograph  of  the  arrangement  of  the  pressure  cells  is  shown  in  Figure  72.  (Dther  peninent  data, 
such  as  the  tensile  strain  at  the  bottom  of  the  bituminous  layer  and  the  vertical  strain  at  the  top  of 
the  subgrade  were  also  covered  by  the  instrumentation  program. 

In  addition  to  the  instrumentation  installed  within  the  pavement  materials,  a  profilometer 
(Figure  73),  consisting  of  a  linear  potentiometer  mounted  on  a  roller  carriage,  was  used.  It  was 
connected  to  an  X-Y  plotter  which  provided  hard  copies  of  the  measured  transverse  surface  profile. 


E.  RESULTS  OF  THE  VALIDATION  EXPERIMENT 

The  final  wheel  load  used  for  the  experiment  was  lOkN.  A  plot  of  the  variation  of  wheel 
load  and  position  with  time  is  shown  in  Figure  74.  It  indicates  that  a  rather  uniform  load  is 
achieved  when  the  wheel  moves  in  the  forward  direction  and  no  loading  is  imposed  on  the 
pavement  when  the  wheel  is  in  reverse.  The  slope  of  the  line  for  the  wheel  position  indicates  that  a 
uniform  velocity  is  achieved. 

Recording  of  the  resilient  strains,  transient  stresses,  wheel  load  and  wheel  position  was 
made  by  means  of  a  data  acquisition  system  which  comprised  a  personal  computer  and  a  12- 
channel,  fast  A/D  converter.  Permanent  strains  were  measured  at  appropriate  intervals  when  the 
wheel  was  stopped  and  unloaded. 


1 .  Resilient  Strain 

Plots  of  typical  recorded  strain  pulses  at  various  locations  in  the  pavement  are 
shown  in  Figure  75  to  80.  The  pulse  time  due  to  the  moving  wheel  varied  from  about  0.4  second  at 
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Figure  72.  Arrangenicnl  of  I’rcsMirc  C  ells  installed  in  (iraniilar  Base 
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Figure  73.  Profilomeier  used  for  McasiirciiKni  of  Transverse  Pn>filc  of  Pavcmeni  Sections. 
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Figure  77.  Variation  of  Lateral  Strain  with  Time  at  Upper  one  third  of  Granular 
Base  due  to  a  lOkN  Moving  Wheel  Load  travelled  at  3.6  km/hr. 
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Figure  79.  Variatior  of  Longitudinal  Strain  with  Time  at  the  Bottom  of  Bituminous 
Wearing  Course  due  to  a  lOkN  Moving  Wheel  Load  travelled  at  3.6 
km/hr. 


Figure  80.  Variation  of  Vertical  Strain  with  Time  at  the  Top  of  Subgrade  due  to  a 
lOkN  Moving  Wheel  Load  travelled  at  3.6  km/hr. 


the  bottom  of  the  bituminous  layer  to  1 .2  seconds  at  the  top  of  the  subgrade.  The  plots  also  indicate 
thiat  all  venical  strains  are  compressive  and  the  longitudinal  and  lateral  strains  are  tensile. 

The  variations  of  resilient  vertical  strain  with  depth  below  pavement  surface  for  the 
two  pavement  tests  ait  shown  in  Figure  81.  The  values  are  plotted  at  the  mid-distance  between  the 
two  strain  coils  which  measure  the  corresponding  vertical  movement.  Figure  81  shows  that  strain 
decreases  with  depth  until  it  reaches  the  layer  boundary  where  a  discontinuity  occurs. 
Supe;  imposed  on  the  figure  are  the  Umits  of  the  resilient  vertical  strain  measured  during  HCA  Tests 
5  and  8  which  involved  the  use  of  reversed  shear  stresses.  When  the  two  vertical  lines  representing 
the  limits  intersected  with  the  two  strain  profiles  from  the  pavement  tests,  two  sublayers  within  the 
granular  base  were  obtained.  These  sublayers  represented  the  zones  where  there  was  a  high 
probability  that  the  strain,  and  possibly  the  stress  conditions,  would  match  those  used  in  the  HCA 
tests. 


2.  Permanent  Strain 

The  variations  of  permanent  vertical  strain  with  depth  at  selected  stages  during  the 
two  pavement  tests  are  shown  in  Figures  82  and  83.  The  figures  indicate  that  most  of  the 
permanent  strain  developed  in  the  top  100  mm  of  the  layer  and  then  decreased  rapidh  ith  depth 
towards  the  subgrade.  The  two  sublayers  identified  by  the  resilient  venical  strain  are  also 
highlighted  in  the  figures. 


3 .  Comparison  of  Permanent  Strains 

Figures  84  and  85  show  a  comparison  of  the  permanent  venical  strain  obtained 
from  the  HCA  tests  with  those  from  the  sublayers  of  the  granular  base  in  the  pavement  tests.  The 
figures  indicate  that,  generally,  both  the  rate  of  development  and  the  magnitude  of  strain  are  very 
similar.  The  permanent  strain  from  the  first  pavement  tests  (Figure  84)  indicated  that  the  granular 
material  might  have  suffered  from  some  strain  history  effect  as  a  result  of  the  trial  tests  performed 
prior  to  the  main  test,  since,  very  little  permanent  strain  occurred  during  the  first  1(X)  load  cycles . 


4.  Transient  Stresses 

A  plot  of  the  stress  pulses  measured  within  the  granular  base  is  shown  in  Figure 
86.  As  the  pressure  cells  were  located  at  different  positions,  the  peak  stresses  were  recorded  at 
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Figure  81.  Variation  of  Resilient  Vertical  Strain  with  Depth  below  Pavement 
Surface  during  the  Validation  Tests  performed  in  the  Paveixient  Test 
Facility. 
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Figure  82.  Variation  of  Permanent  Venical  Strain  with  Depth  below  Pavement 
Surface  at  various  Number  of  Passes  of  a  lOkN  Moving  Wheel  Load  on 
the  First  Pavement  Section. 
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Figure  83.  Variation  of  Permanent  Venical  Strain  with  Depth  below  Pavement 
Surface  at  various  Number  of  Passes  of  a  lOkN  Moving  Wheel  Load  on 
the  Second  Pavement  Section. 
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Figure  84.  Variation  of  Permaneni  Vertical  Strain  with  Number  of  Load  Cycles  for 
the  HCA  and  the  First  Large-Scale  Pavement  Test 
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Variation  of  Permanent  Vertical  Strain  with  Number  of  Load  Cycles  for 
the  HCA  and  the  Second  Large-Scale  Pavement  Test. 
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TRANSIENT  STRESS  (kPo) 


Figure  86.  Variation  of  Stresses  at  various  Oiientations  with  Time  in  the  Granular 
Base  due  to  a  lOkN  Moving  Wheel  Load  travelled  at  3.6  km/hr. 
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different  times.  The  plots  indicate  that  pulse  time  varies  with  both  the  distance  below  pavement 
surface  and  orientation.  The  measured  vertical  transient  stress  at  a  depth  of  about  125  mm  from  the 
surface  of  the  pavement .  or  approximately  at  the  bottom  of  the  identified  sublayers,  was  180  to 
195  kPa.  This  compares  well  with  the  200  kPa  vertical  stress  used  in  the  HCA  tests.  No  pressure 
cells  were  installed  at  the  vicinity  of  the  sublayer  to  measure  the  transient  lateral,  longitudinal  and 
shear  stresses.  However,  based  on  a  structural  evaluation  procedure  developed  at  Nottingham 
which  ultilizes  a  finite  element  analytical  approach  (32),  the  shear  stress  close  to  the  bottom  of  the 
sublayer  was  found  to  be  26  kPa.  This,  again,  compares  well  with  the  20  and  30  kPa  values  used 
in  the  HCA  tests.  The  calculated  values  of  the  two  horizontal  stresses,  assuming  no  residual 
stresses,  was  generally  unsatisfactory  and  indicated  much  lower  stresses  existing  in  the  pavement, 
comparer  jvith  those  used  in  the  HCA  element  tests.  However,  previous  research  (33)  has 
indicated  the  presence  of  residual  stresses  in  granular  bases  caused  by  compaction  during 
construction  and  subsequent  trafficking.  These  stresses  are  difficult  to  measure  but  their  existence 
is  likely  to  reduce  the  difference  in  horizontal  stresses  used  in  the  large-scale  pavement  and  the 
HCA  element  tests. 


F.  DISCUSSION 

The  main  objective  of  the  experiment  was  to  validate  the  HCA  test  results.  Therefore,  the 
approach  and  methods  adopted  to  obtain  permanent  deformation  data  in  the  granular  base  were 
planned  accordingly.  The  experiment  demonstrated  the  difficulties  of  accurate  prediction  for  total 
permanent  deformation  in  a  granular  base  caused  by  a  moving  wheel  load.  To  carrs  out  the 
prediction,  not  only  would  a  large  number  of  laboratory  tests  be  required  but  the  appropriate  stress 
conditions  used  in  the  tests  would  also  need  to  be  determined  before  the  test  results  could  be  of  any 
use.  As  a  result,  high  percentage  errors  in  the  prediction  due  to  the  use  of  simplified  or  averaged 
conditions  are  often  acceptable.  However,  these  errors  may  also  mask  the  influence  of  various 
factors  or  mechanism  which  contribute  to  the  permanent  deformation. 

The  experiment  reported  in  this  section  clearly  shows  that  the  stresses  in  the  granular  base 
under  the  action  of  a  moving  wheel  are  complex  and  that  the  stress-permanent  strain-time 
relationship  of  the  granular  base  is  complicated.  These  two  factors  undoubtedly  imposed  very 
severe  limitations  on  the  objectives  of  the  validation  exercise.  Nevertheless,  the  results  indicate  that 
the  HCA  would  have  provided  a  very  good  prediction  of  both  the  rate  of  development  and 
magnitude  of  the  permanent  vertical  strain  in  a  sublayer  of  the  granular  base  subjected  to  a  moving 
wheel  load.  This  has  provided  strong  support  for  the  continuous  use  of  the  modified  HCA  to  carry 
out  future  research  on  the  behavior  of  granular  materials. 
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The  results  of  the  experiment  may  also  be  used  to  check  predictions  of  permanent  strain 
obtained  from  repeated-load  triaxial  tests.  Comparison  of  the  predictions  from  this  and  the  HCA 
tests  could  then  be  made.  However,  such  comparison  would  only  be  meaningful  for  results  from  a 
sublayer  of  the  granular  base  where  the  magnitude  of  the  shear  stress  is  insignificant  relative  to  the 
normal  stresses.  Results  shown  in  Figures  13  and  56  indicate  that  when  shear  stresses  are  high, 
both  the  magnitude  and  the  rate  of  development  of  permanent  strain  would  be  underestimated  by 
the  triaxial  test  simulation  . 
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SECTION  VIII 


CONCLUSIONS 


Research  has  been  carried  out  to  improve  knowledge  on  the  behavior  of  granular  bases  for 
pavements.  To  this  end,  a  repeated-load  Hollow  Cylinder  Apparatus  was  developed  to  model  the 
stress  and  strain  conditions  imposed  by  a  moving  wheel  loadTests  using  the  repeated-load  triaxial 
test  apparatus  and  two  wheel  tracking  facilides  were  also  carried  out.  The  main  conclusions  of  the 
investigations  performed  are  listed  below. 


A .  GRADING  /  DENSITY  AND  MECHANICAL  PROPERTIES 

1 .  A  grading  design  procedure  which  is  based  on  the  use  of  Fuller's  grading  curves 
and  the  British  standard  vibrating  hammer  test  was  proposed.  This  procedure  allows  convenient 
characterization  of  continuous  gradings  and  offers  a  simple  and  repeatable  means  of  carrying  out 
design  for  high  density  gradings. 

2.  For  a  crushed  dolomitic  limestone  with  maximum  particle  size  of  38  mm,  the 
optimum  grading  which  produced  the  highest  density  when  the  material  was  dry  had  a  Fuller’s  “n” 
value  of  about  0.4. 

3 .  For  dry  or  partially  saturated  granular  material,  higher  density  generally  leads  to  a 
slight  improvement  in  resilient  properties  but  a  large  improvement  in  permanent  deformation 
resistance  under  repeated-load. 


B .  PERMANENT  DEFORMATION  BEHAVIOR  OF  GRANULAR  MATERIAL  IN 

LARGE-SCALE  RUTTING  TESTS 

Results  of  the  large-scale  rutting  tests  carried  out  in  the  Slab  and  Pavement  Test  Facilities 
led  to  the  following  conclusions. 
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1 .  The  pennanent  vcnical  deformation  of  the  granular  base  subjected  to  a  moving 
wheel  load  was  at  least  three  times  higher  than  that  subjected  to  a  repeated  vertical  load  with  the 
same  magnitude  of  contact  stress. 

2.  The  magnitude  of  a  moving  wheel  load  had  greater  influence  on  the  permanent 
deformation  of  the  granular  base  than  that  of  a  repeated  vertical  load. 

3.  In  two  out  of  three  pairs  of  pavement  sections,  higher  permanent  deformations 
were  obtained  from  a  bidirectional  than  unidirectional  wheel  load.  The  exceptional  pavement 
sections  were  less  well  compacted  and,  hence,  the  trend  caused  by  the  different  modes  of  loading 
was  probably  masked  by  the  generally  high  level  of  permanent  deformation. 


C .  REPEATED-LOAD  HOLLOW  CYLINDER  TESTS 

The  Nottingham  repeated-load  Hollow  Cylinder  Test  Apparanis  was  successfully  modified 
to  include  an  outer  cell,  an  upgraded  electronic  control  system  and  a  data  acquisition  system. 
Eleven  hollow  cylinder  specimens  were  tested  by  means  of  the  modified  device.  To  complement 
these  experiments,  two  tests  on  the  same  material  used  in  the  HCA  tests  were  carried  out  using  the 
repeated-load  triaxial  apparatus.  The  conclusions  from  these  tests  were; 


1 .  Permanent  Strain  Behavior 

a.  Reversed  shear  stresses  were  found  to  cause  more  contractive  permanent 
strains  in  both  the  radial  and  circumferential  direction  when  results  were  compared  with  those 
obtained  under  triaxial  conditions. 

b.  When  stress  conditions  were  approaching  failure,  the  rate  of  development  of 
all  components  of  permanent  strain  was  found  to  be  significantly  increased  due  to  the  additional 
reversed  shear  stresses. 

c  When  the  maximum  shear  stress  ratio,  (^plptax  stress  path  was 

low  and  when  the  magnitude  of  the  reversed  shear  stress  was  small  compared  with  the  normal 
stresses,  the  difference  between  the  strain  response  under  the  condition  with  reversed  shear 
stresses  and  the  triaxial  condition  was  less  clear.  Nonetheless,  it  appeared  that  under  these 
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circumstances,  reversed  shear  stresses  would  cause  higher  permanent  contractive  volumetric 
strains  but  less  permanent  maximum  shear  strains. 

d .  Higher  permanent  volumetric  and  maximum  shear  strains  were  obtained  due 
to  bidirectional  than  unidirectional  shear  reversal. 

e.  Under  identical  stress  conditions,  permanent  axial  strains  obtained  from 
both  the  HCA  and  the  repeated-load  triaxial  apparatus  were  similar  but  the  permanent  horizontal 
strain  obtained  from  the  HCA  was  much  higher. 


2.  Resilient  Strain  Behavior 

a.  Rotation  of  the  principal  stress  and  strain  planes  were  coincident  during 

resilient  tests. 

b.  The  coefficients  m,  n  and  P  used  in  the  resilient  strain  contour  models, 
which  were  obtained  by  means  of  a  multiple  regression  analysis  from  results  of  repeated-load 
triaxial  tests,  were  found  to  be  identical  to  those  obtained  from  HCA  tests.  The  constants  K1  and 
Gl,  however,  were  found  to  be  respectively  97  and  29  percent  less  for  results  from  HCA  tests, 
indicating  that  lower  stiffnesses  were  obtained  during  the  tests. 

c.  The  contour  model  and  its  coefficients,  which  were  obtained  from  tests 
under  triaxial  conditions,  could  be  used  to  provide  reasonably  good  predictions  of  the  resilient 
maximum  shear  strain  under  stress  conditions  which  involve  principal  plane  rotation  and  variation 
in  the  intermediate  principal  stress. 

d.  Resilient  volumetric  strain  was  generally  underpredicted  by  the  contour 
model  under  stress  conditions  which  involved  the  application  of  torsional  shear  stress. 

e.  The  difference  between  the  measured  and  predicted  resilient  volumetric 
strain  using  the  contour  model  appeared  to  bear  a  curvilinear  relationship  with  the  normalised 
value,  which  is  defined  as  the  change  in  the  intermediate  principal  stress  parameter  divided 
by  the  mean  shear  stress  ratio,  (qociVPm- 
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D.  VALIDATION  OF  REPEATED-LOAD  HCA  TESTS 


In  CMxler  to  provide  validation  for  the  findings  from  the  HCA  tests,  a  pilot-scale  experiment 
involving  two  fully-instrumented  flexible  pavement  sections  was  performed  in  the  Nottingham 
Pavement  Test  Facility.  The  validation  was  limited  to  the  permanent  vertical  strain  which  is  closely 
related  to  the  rut  formation.  The  conclusions  were: 

1 .  The  stresses  and  strains  in  the  granular  base  of  a  flexible  pavement  due  to  a  moving 
wheel  load  varied  with  the  depth  below  the  pavement  surface.  Therefore,  comparison  of  results  is 
meaningful  only  within  a  sublayer  where  the  conditions  are  similar  to  those  used  in  the  HCA  tests. 

2.  A  sublayer  within  the  granular  base  where  the  resilient  vertical  strains  matched 
those  obtained  from  the  HCA  tests  was  identified.  The  measured  transient  vertical  stress  and  the 
calculated  shear  stress  near  the  sublayer  were  also  found  to  matched  those  used  in  the  HCA  tests. 
However,  because  of  the  difficulty  in  accounting  for  residual  stresses,  both  the  calculated  and 
measured  horizontal  stresses  indicated  much  lower  stresses  existing  in  the  pavement. 

3.  Results  of  the  two  pavement  tests  indicated  that  the  permanent  strain  tests 
performed  in  the  HCA  would  have  provided  a  good  prediction  for  both  the  magnitude  and  rate  of 
development  of  the  vertical  permanent  strain  in  the  sublayer  of  the  granular  base. 

4.  The  results  of  the  validation  experiment  provide  strong  suppon  for  funher  use  of 
the  modified  repeated-load  HCA  as  a  research  tool. 
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SECTION  IX 


RECOMMENDATIONS 


A.  GENERAL 

Woric  carried  out  during  this  project  has  indicated  that  the  peimanent  deformation  behavior 
of  granular  material  is  complicated  and  yet  less  understood  than  the  resilient  behavior. 
Nevertheless,  for  pavements  with  heavily  loaded  granular  bases,  an  understanding  of  the 
accumulation  of  pennanent  strains  would  be  essential.  Therefore,  the  mcve  fundamental  aspects  of 
the  behavior,  including  the  deformation  mechanism  under  repeated  load  and  effects  due  to  stress 
variations  should  be  studied.  Methods  which  can  improve  the  permanent  deformation  resistance, 
such  as  the  use  of  high  density  grading  or,  perhaps,  some  form  of  reinforcement,  which  may 
provide  more  immediate  and  praaical  results  should  receive  equally  important  attention. 

To  bridge  the  gap  between  laboratory  simulated  and  in  situ  conditions,  the  use  of  a 
sophisticated  device,  such  as  the  repeated-load  hollow  cylinder  apparatus  has  proved  to  be  very 
valuable  and  able  to  produce  some  important  data.  The  potential  of  this  laboratory  device  as  a 
research  tool  should  be  further  explored  and  effon  to  expand  its  capability  should  be  considered. 


B .  TESTINGS  WITH  THE  HOLLOW  CYLINDER  APPARATUS 

1 .  Further  Work  on  the  Same  Material  used  in  Current  Investigations 

A  much  improved  HCA  is  now  available  and  some  test  results  have  been  validated 
by  means  of  large-scale  experiments.  Therefore,  funher  research  which  makes  use  of  this 
apparatus  is  desirable.  Tests  carried  out  for  the  current  project  have  established  die  influence  of  the 
reversed  shear  stresses,  both  uni-  and  bidirectional,  on  the  permanent  strain  behavior.  Although 
more  tests  involving  other  stress  paths  with  reversed  shear  stresses  are  warranted,  it  may  be  useful 
to  investigate  the  effect  of  the  intermediate  principal  stress,  02-  This  can  be  achieved  by  using 
various  differences  in  inner  and  outer  cell  pressures  to  create  a  range  of  anisotropic  conditions. 
Stress  conditions  existing  off  the  centre  of  a  moving  single  wheel  and  along  the  centre  line  of  dual 
or  tandem  wheels  may  involve  different  magnitudes  of  shear  stress  and  modes  of  stress  reversal.  It 
seems  likely  that  these  complex  stress  regimes  could  be  modelled  in  the  HCA  with  funher 
improvements  to  the  control  system. 


To  achieve  high  density  and  high  strength  for  the  material  used  in  the  current 
investigation,  a  continuous  grading  with  high  fines  content  was  used.  It  would  be  of  interest  to 
investigate  the  permanent  strain  behavior  of  an  open-graded  sp>ecimen  which  may  be  expected  to 
have  much  better  drainage  properties.  The  requirement  for  both  good  strength  and  good 
permeability  for  granular  bases  is  inevitably  contradictory.  Hence,  it  would  be  useful  to  compare 
the  performance  of  specimens  having  these  two  different  gradings  and  subjected  to  realistic  stress 
conditions  involving  shear  stress  reversals. 


2 .  Work  on  Other  Materials 

A  great  degree  of  realism  was  attached  to  the  choice  of  the  type  and  grading  of  the 
material  used  in  this  project.  As  a  result,  a  material  widely  used  in  the  highway  industry,  a  scaled 
down  version  of  a  realistic  grading  and  a  correspondingly  high  density  were  selected.  However, 
these  choices  may  not  be  ideal  in  the  theoretical  study  of  the  various  fundamental  mechanisms  of 
granular  material  behavior.  Furthermore,  comparison  of  results  with  those  from  other  research 
organizations  would  be  difficult  if  different  categories  of  materials  were  tested.  Hence,  it  would  be 
useful  if  future  test  programs  could  incorporate  testing  of  some  model  materials  such  as  the  well 
researched  Leighton  Buzzard  sand  and  other  similarly  "well-known"  materials.  Testing  of  single 
sized  material  should  also  generate  useful  results  for  comparison. 


C.  FURTHER  DEVELOPMENT  OF  THE  HCA 

The  improvement  to  the  HCA  carried  out  in  this  project  has  eliminated  a  large  area  of 
restrictions  on  the  possible  stress  regimes  that  can  be  applied  to  an  element  of  granular  material  in 
the  laboratory.  This  has  undoubtedly  allowed  better  simulation  of  in  situ  stress  conditions.  Despite 
these  achievements,  in  order  to  fully  make  use  of  this  torsion-triaxial  system,  the  capability  of 
providing  cyclic  internal  and  external  cell  pressures  is  highly  desirable.  More  sensors  to  measure 
the  response  of  the  cell  or  possibly  pore  pressures  will  be  needed.  The  control  of  such  a  system 
will  be  more  complicated  and  will  most  certainly  require  the  aid  of  a  computer.  However,  with  the 
advance  of  modem  electronics  and  computer  programming,  such  a  system  can  be  incorporated  to 
the  existing  facility  at  a  reasonable  cost. 
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APPENDIX  A 


I 

REPEATED  LOAD  TRIAXIAL  TEST  APPARATUS 


Details  of  the  repeated-load  triaxial  test  apparatus  which  can  accommodate  test  specimen 
with  diameter  of  150  mm  are  shown  in  Figures  A-1  and  A-2.  The  axial  load  is  applied  to  the 
specimen  by  a  servo-hydraulic  actuator  and  monitored  by  a  strain  gauged  load  cell  located  at  the 
bottom  section  of  the  loading  ram.  The  confining  pressure  which  is  also  servo-hydraulically 
controlled  is  applied  through  a  nonconducting  medium  of  silicone  oil  and  is  monitored  by  a  thin 
wall  pressure  cell. 

For  repeated  loading,  a  waveform  generator,  capable  of  providing  sinusoidal,  square  or 
triangular  waveforms  was  used  to  generated  the  required  command  signals.  During  testing,  the 
feedback  signals  from  the  two  monitoring  devices  are  compared  with  the  command  signal.  An 
error  message  is  then  relayed  to  the  servo-valves  so  that  the  necessary  adjustment  may  be  made. 
This  arrangement  ensures  that  the  required  loading  conditions  are  achieved. 

To  measure  deformation  of  the  specimen,  an  on-sample  instrumentation  technique  is  used.  This 
involves  using  four  brass  studs  which  are  embedded  in  the  sides  of  the  specimen  during  sample 
preparation.  The  studs  allow  threaded  rods  to  be  attached  to  the  specimen.  The  rods,  in  turn, 
enable  the  mounting  of  instruments.  Two  LVDTs  mounted  between  the  two  pairs  of  rods  are  used 
to  measured  axial  deformations.  For  radial  deformations,  two  epoxy  hoops  incorporating  strain 
gauges  are  used. 

All  the  stress  and  strain  data  are  recorded  by  the  new  data  acquisition  system  described  in 
Chapter  Six.  Dedicated  software  for  the  repeated-load  triaxial  tests  was  developed.  They  are 
similar  to  those  which  are  presented  in  Appendix  C  for  the  repeated  HCA  tests . 
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Figure  A- 1 .  Laborator>’  Set-up  of  the  Repeated-Load  Triaxial  Test  Apparatus. 


- - 

Figure  A-2 


ISOmiTi  diameter  Triaxial  Specimen  with  Instrumentations. 
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APPENDIX  B 


CALIBRATION  OF  TRANSDUCERS  USED  IN  REPEATED-LOAD  HOLLOW 

CYLINDER  APPARATUS 


Calibration  of  the  transducers  used  in  repeated-load  HCA  tests  was  carried  out 
approximately  once  every  two  tests.  A  brief  description  of  the  methods  used  is  presented  as 
follows  and  the  results  are  shown  in  Table  B.l. 


B.l.  Vertical  Load  Cell 

The  vertical  load  cell  was  calibrated  by  means  of  a  standard  proving  ring  with  maximum 
capacity  of  14  kN  and  load  per  division  value  of  approximately  0.011  kN.  The  vertical 
compressive  load  was  provided  by  a  standard  hydraulic  jack  and  the  response  of  the  load  cell  at 
regular  values  of  deflection  of  the  proving  ring  was  monitored  by  a  voltmeter.  Maximum  load  of 
12  kN,  equivalent  to  approximately  350  kPa  in  axial  stress  was  used.  Linearity  between  the  output 
voltage  and  the  proving  ring  deflection  was  generally  observed  with  coefficient  of  correlation,  R2, 
in  the  region  of  0.999. 


B .  2  Torsional  Load  Cell 

The  best  method  of  calibrating  the  torsional  load  cell  was  by  means  of  a  pair  of  hangers  and 
weights  connected,  via  a  pulley  system  to  a  set  of  extended  steel  arms  bolted  to  the  load  cell. 
Calibration  was  carried  out  in  steps  of  1  or  2  kg  on  each  hanger,  which  is  equivalent  to  1 .4  or  2.8 
kPa  respectively  in  tOTsional  shear  stress.  This  continued  until  a  total  of  35  kg  or  approximately  50 
kPa  was  reached.  Both  clockwise  and  anti-clockwise  loading  were  performed.  It  was  noted  that 
linearity  between  the  applied  moment  and  the  output  from  the  load  cell  during  the  initial  30  to  35 
kPa  in  shear  stress  was  generally  good.  However,  beyond  this  magnitude,  some  hysteretic  effect 
was  observed.  Despite  this,  R2  of  0.993  to  0.998  were  achieved. 


B.3  LVDTs 

The  LVDTs  were  individually  calibrated  by  means  of  a  micrometer  capable  of  providing 
reading  to  0.0025  mm  which  was  equivalent  to  17  pe  for  a  gauge  length  of  150  mm.  The  gain 
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RESULTS  OF  CALIBRATIONS  FOR  THE  TRANSDUCER  USED  IN  REPEATED-LOAD  HCA  TESTS 
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setting  of  the  strain  gauge  amplifier  was  set  initially  for  a  full  scale  deflection  of  about  2.5  percent 
strain.  However,  subsequent  tests  required  this  to  be  increased  to  4  percent.  Linearity  was 
generally  very  good  for  the  LVDTs. 


B.4  Strain  Hoops 

Calibration  of  the  two  strain  hoops  was  performed  simultaneously  by  means  of  a  specially 
assembled  device  consisting  of  a  micrometer  and  three  sets  of  mounting  units.  Both  compressive 
and  tensile  deformations  of  the  strain  hoops  were  calibrated.  Good  linearity  within  the  range  of  ±2 
percent  strains  was  obtained. 


B.S  Bison  Strain  Coils 

Calibration  of  the  strain  coils  was  carried  out  according  to  the  instruction  manual  published 
by  Bison  Instruments.  It  involved  the  use  of  the  Bison  Recorder  and  a  special  mounting  unit 
which  incorporated  a  micrometer.  Because  of  the  small  wall  thickness  of  the  hollow  cylinder 
specimen  and  in  general,  small  change  in  thickness,  it  is  not  possible  to  rely  on  the  amplitude  value 
to  determine  the  spacing  between  coils.  Instead,  the  voltage  produced  by  the  small  differential 
movement  at  a  particular  balanced  position  was  used.  A  "CALIBRATION"  setting  of  500  was 
chosen.  Although  the  micrometer  can  resolve  movement  down  to  0.0025  mm.  due  to  the  small 
gauge  length  involved  (28  to  30  mm),  it  only  represents  a  strain  value  of  89  However,  since 
the  relationships  between  output  voltage  and  the  small  differential  movement  is  linear,  interpolation 
can  be  carried  out  to  determine  smaller  strain  value.  This  method  required  that  calibration  be 
carried  out  at  a  few  balanced  positions  corresponding  to  the  anticipated  gauge  lengths. 
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APPENDIX  C 


SOFTWARE  PROGRAMS  FOR  THE  REPEATED-LOAD  HCA  TEST 


The  main  program  for  the  data  acquisition  of  the  repeated-load  HCA  tests  is  called  HCA. 
The  primary  functions  of  the  program  are; 

1 .  Retrieve  dau  from  the  specified  channels  (maximum  8)  at  specified  intervals  (2  to  S 10 
milliseconds)  for  a  specified  number  of  times. 

2.  Based  on  the  input  calibration  value  for  each  channel,  calculate  the  corresponding  stresses 
and  strains.  It  also  calculate  all  the  relevant  invariant  parameters. 

3 .  Store  the  raw  and/or  processed  data  onto  disks. 

4 .  Output  test  information  and  key  results  onto  printer. 

The  total  number  of  scans  that  can  be  perfrarmed  during  one  run  of  the  program  depends  on 
the  number  of  channels  selected  and  cannot  be  larger  than  the  quotient  obtained  by  dividing  2048 
by  the  number  of  channels.  For  each  new  run,  a  new  data  file  name  in  sequential  order  will  be 
generated.  Further  analysis  or  plotting  of  the  data  is  found  to  be  more  efficiently  performed  by 
using  existing  commercially  available  softwares.  To  facilitate  this,  all  data  files  are  created  such  that 
they  can  be  "imported "  by  most  popular  softwares. 

The  program  was  written  in  BASIC  language  and  a  listing  is  presented  as  follows: 
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DATA  AOUISITICW  FCR  TVE  REPEATED  LOAD 
milDW  CYLINDER  TEST  fiPPARATUB 


Startup 


EF 

RIVERl»PEEK«fMFO )  •^2S6SFEEK  (SH4F1 ) 


DRIV«R2^iPEE>:(«H4F4)->^2S6tPEEX(&H4F5) 

CEF  SEBCRIVERl  :  REM  SELECT  CARD  £1 
INlTs3  :  MQRTIO^  t  DE\CLEARs9  s  LaCPLsl2 
LDCALLDCKDjrslS  :  REK7TE=18  :  IRESLJ<E=(21  :  TRISSR=24 
OjmST^^  I  ENTER»30  :  SrATUB=s33  s  aTrEFMINATtR=36 
9ETTirEELrrs39  :  SERIALPCUL»42  :  SVOEDCMS  :  ERROEEKs^S 
SETE0I=51  :  STTERn=54  s  PARAU-ELPCU.=57  :  9MEDb60 
rsCINIT^  :  BJn(EUrs66  :  ELJaCKINs69  t  GYTEBUAP»72 
■nwe=ER=75  :  TALK*78  ;  LNTALK-ei  :  LISTEN=e4 
UN_ISTEN=S7  :  AT7N=90  ;  MTAf=93  : 


INIT  'initialize  driver 

ADXi=9  'device  addreec 

V«s:9>ACCC(S6)  'reserve  space  for  data  * 

DIM  R(a,2S6)  'data  array  » 

DIM  AXSS(256)  :  DIM  TrFSS(256)  t  DIM  P(2S6)  :  DIM  0(256) 

DIM  CXT#eS(256)  :  DIM  ANBBS{256)  s  DIM  AXST(256)  :  DIM  CIRST(256) 

DIM  CBSr(256)  :  DIM  RM)ST(256)  *  DIM  VO-ST(256)  :  DIM  aORST(256) 

DIM  Ci:rAST(256)  :  DIM  ANSST  (256)  :  DIM  TtFST(256)  :DIM  TORP(256) 

DIM  SSI (256)  :  DIM  SS3(256) 

CHRNsS  ;  CHAN**"8"  * 


Q08L£  1170 
GOSUB  1300 
GOSUB  460 
GGSUB  580 
GOSLB  2160 
GOSUB  2330 
GOSUB  2760 
GOSUB  33?0 
GOSUB  1520 
GOSUB  760 
GOSUB  1870 
EhD 


'erase  old  data  files 
'user  opticns 
'set  device  paraneters 
'retrieve  readings 
'read  initial  data 
'cal  stresses 
'cal  strains 
'output  to  printer 
'transfer  to  disc 
'print  readings 
'repeat  option 


'Set  device  parameters 

CM)»="A,PA6144,Q0, 10, 11,12,13, 14, 15, 16, 17,CB"4SCANM-" ,  ••+"QD"4DELAY4 

« 

490  CALL  (lJTPUr(Clf)4,AD)()  'output  command  string  to  device 

500  C3<D6s»(E"  'trigger  command 
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'RETLFN  to  triggar 


510  LJQCATE  23,1  :  IInFUT  "RETIJW  JD  TRIGGER  “.Om 
520  CflLL  aJTPUr(CTf)*,ADK) 

530  LOCATE  23,1  :  PRIhlT  ”TAICI^e  REMIINGG 
540  GOaJB  1110 
550  SOJVO  150,2 
560  RETIFN 
570  • 

SBO  'F^rtrieve  data 
590  * 

600  01)*="PW»144,ai- 
610  C4LL  OLJTPUrCOfX.ADX) 

^  * 

630  RF  I»1  TO  90Wi 
640  CPU-  EhrTER(V»,M)%) 

650  R(l,I)»MPL(niD«(V»,l,6))/3277 
660  R(2,I)»VPL(niD»(V9,8,13))/3277 
670  R(3, 1 )»^^(MID^(V»,15,20)  )/3277 
680  R(4,I)^/PL(MID*(V*,22,27))/3Z77 
690  R(5,I)=WPL(MID»(V*,29,34))/3277 
700  R(6,I)^V.«L(MID*(V»,36,41))/3277 
710  R(7,I)=^«L(MlD*(V»,43,48))/3277 
720  R(8,I)=*.«_(MID*(V»,50,55))/3Z77 
730  ^exT 
740  RETLFN 
750  ' 

760  ‘Print  Results 
770  * 

780  LDC»TE  6,1  :  PRINT  STR1NB»(72,45) 

790  LOCATE  7,2  :  PRINT  "TIME" 

800  ' 

810  RF  J=1  TO  8 

820  LDWTE  7,(e^(J-l))  SPRINT  "CMPMCL' 

830  LDOTTE  8,(10^(J-1))  iPRINT  J-1 
840  ^EXT 

850  LDOVTE  9,1  s  PRINT  STRINB»(72,45) 

860  ' 

870  :  Isl 

880  LOCATE  (10«B),1  :  PRINT  (I«0BJ^Y«2)  'tiiie 

890  ' 

900  FOR  J«1  TO  GHPN 

910  LOCATE  (10«8),(848t(J-l))  s  PRINT  LBirC"£.£^”;  R(J,I)  'result 

920  hEXT 
930  ' 

940  Bb84-1  :  I«I-»-l  ‘next 

950  IF  B014  T>EN  1040  'check  if  ecrwi  full 

960  LOCATE  23,1  s  PRINT"RETLFN  to  CO^TIhLE  /  ESC  to  SKIP  /  ANT  OTlSt  KEV  to  SCRO 
LL  BACK" 

970  Q»=IM<EY4  s  IF  LEN(a»)-0  TWEN  970  '*«it  for  input 

980  IF  PGC(a»)»27  T>€N  RETURN  'IF  ESC . 

990  IF  AGC(Q»)«13  TVEN  1020  'IF  RETTFN  .... 

1000  • 


'Malt  for  SRQbi 


pointare 


'get  data  from  A-D 
'split  into  clwnels  t 
'and  convert  to 
'voltage 
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1010  IF  1=15  T»€N  1=1  ELSE  1=1-38 
1000  &0 

1030  VIEW  PRINT  9  TO  23  i  OS  t  VIEW  PRINT  1  TO  24 
1040  IF  Ia€CPN  T>€N  1050  ELSE  GOTO  880 

1050  LOCATE  23,1  :  PRINT"PrBM  PETLRN  to  CONTINUE 
•• 

1060  Q«=IMiEy«  :  IF  L£N(Q»)^  TVEN  1060 
1070  IF  PGC(0»>13  TVEN  RETIFN 
1080  IF  I<15  TVEN  1=1  n  SF  1=1-14^ 

1090  GOTO  1000 
1100  ' 

1110  *SRQ  Oack 
1120  • 

1130  CPLL  S«Z>EEX(9«3)  tMt  9VI 

1140  IF  SROOl  TVEN  1130 
1150  RETIFN 
1160  • 

1170  'Er«M  Old  Data  Files 
1180  * 

1190  ' 

1200  OPEN  “AtTESTX"  46  £1  LEN=3  'holds  last  result  file  no. 

1210  IF  LCF(1)>0  TVB4  OJDGE  iGOTO  1250  ‘IF  does  not  exist  .. 

FIBJ)  £1,  3  AS  X«  'define  field 

1230  GET£1,1  :  Q  ORE  ‘get  record 

1240  • 

1250  CLS 

1260  LOCATE  1,25  *  PRINT  "DATA  FILE  "|(VRL(X*)+l) 

1270  LOCATE  2,25  :  PRINT  "KtVftttCttttt" 

1280  RETIFN 
1290  ' 

1300  'Lfcwr  Inputs 
1310  ' 

1320  VIEW  PRINT  5  TO  23  :  CLS  *  VIEW  PRINT  1  TO  24  'clear  screen 

1330  ' 

1340  LOCATE  3,1  :  PRINT"  ZERO  STTV^IN  CRITERIA  (A  or  T)  = 

1350  LOmTE  3,40  :  DEUT  ZEROCR* 

1360  LOCATE  4,1  :  PRINT  "Interecan  Delay  = 

1370  LOCATE  4,50  *  PRINT"nAX  -  255" 

1380  LOCATE  4,21  t  IVEIIT"", DELAW 
1390  DaAY>MRL(OELAW) 

1400  VIEW  PRINT  23  TO  23  >  0.8  i  VIEW  PRINT  1  TO  24 

1410  IF  DBJ^Y  >  255  TIEN  LOCATE  23,1  :  PRINT  "Delay  is  too  Icng  "  i  GOTO  1360 
1^  * 

1430  ' 

1440  LOCATE  5,1  i  PRIN'^  '^ans  = 

1450  LOCATE  5,50  *  PRlw.  "TIAX  «  256"  t 

1460  LOCATE  5,12,0,7  :  IVPliT"",SOPN» 

1470  SCPIVM4«.(SC4N»} 

1480  IF  SC^256  TVOI  LOCATE  23,1  x  PRINT  "Too  neny  scans  "  :  GOTO  1440  '« 
1490  VIEW  PRINT  23  TO  23  :  08  x  VIB4  PRINT  1  TO  24 
1500  RETIFN 


scroll  back 

‘clear  data 
*«id  of  results  7 
-  ANY  QTVER  KEY  to  SOOJ.  BfiCK. 
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1510  • 

1520  '  Transfer  Data  to  Disc 
1530  • 

1540  OPEN  "AjTESTX"  AB  £1  UEhKS 
1550  FIB-D  £1,3  AS  X« 

1560  (XT  £1,1 

1570  Y«a5TT»(VPL(X«Kl)  :  LHXN(Y«)  :  Y«i4%IGHT»(Y»,L-l) 

ISBO  ' 

1590  CPEN  *'A3ReS'‘-»-Y»4-».PRN"  FDR  OUTPUT  AG  £2  'cspvi  data  fils 

1600  PRIhTr  £2,C>fT»(34);‘'DATA  FILE  «“$C>«H(34) ; (VPL(X»)-«-l) 

1610  PRINT  £2,OR»(34)i“fk>.Sc«w  >  ‘‘ta-R«(34);9DPN» 

1620  PRINT  £2,C>R»(34)  rOBlay  »  “iC>«%»(34)  ;DBJ^Y* 

1630  ' 

1640  RDBLE  2050  '  Bxpsriinwital  conditions 

1650  * 

1660  PRINT  £2,C>B»(34);'‘  TINE  AXSS  ILM&  P  Q  TCFP 

aCTASB";OR»(34) 

1670  FOR  I^COW  TO  HI(» 

1600  PRINT  £2,(I<I]ELAY«2),AXS5(I),TCRSS(I),P(I),Q(I),TCPP(I),0CTAGS(I),ANG55(1), 
AXST(  I )  ,CIRST(  I )  ,OBST(  I )  ,TDRST(  I )  ,RADST(  I ) ,  VOLSTT I )  ,BHEARST(  I )  ,OCTABT(  I )  ,ANDST{  I 
),SS1(I),SS3(1),RAD6S  ‘store  result  « 

1690  ^exT 
1700  ‘ 

1710  (PEN  ••A:DAT"+Y**”.PRN"  FTP  OUTPUT  AS  £3 

1720  PRINT  £3,CXR«(34);"DATA  FIUE  ="jCHR*(34) ;  (WflLTX*)^!) 

1730  PRINT  £3,OP»(34);“No.SCais  =  '‘|C>P»(34)  |S(jPN» 

1740  PRINT  £3,0#Wi(34);  "Delay  =  ":OP»(34)  ;aELAY» 

1750  PIP  J=1  TO  5 

1760  PRIIYT  £3,OP»(34),C»(J),C>P»(34)  'save  cn  disc 

1770  ^EXT 

1780  PRINT  £3,CHR»(34);"  TITC  OiPN  0  CMPN  1  OHAN  2  CHAN  3  (MAN  4  C 
HAN  5  CHAN  6  □4AN  7  "|CHR*(34) 

1790  FOR  1=1  TO  SCAN 

1800  PRINT  £3,(I«0ELAY«2),R(1,I),R(2,I),R(3,I),R(4,I),R(5,I),R(6,1),R(7,I),R(8,I 
) 

1810  tCXT 

1820  (.SET  X*=YS  'store  latest  fils  no. 

1830  PUT  £1,1  'record  on  disc 

1840  n  nPF  'close  all  files 

1850  RETIPN 
1860  ' 

1870  'Ttepeat  Data  Collection 
1880  ' 

1890  IJDCATE  23,1  :  PRII^  "Press  ANY  to  use  sane  settings  -  RETIPN  otherviise 

•I 

1900  (3»=IN(CYS 

1910  IF  LEN((3»)=0  THEN  1900 

1920  IF  AGC(a»)=13  TTEN  1970 

1930  VIEW  PRINT  5  ID  25  :  CLS  x  VIEW  PRINT  1  TD  24 

1940  LDCPTE  1,35  :  PRINT  (VAL(Y»K1)  :  QOTD  340  'print  nsw  file  no. 

1950  ‘ 

1960  ' 

1970  VIEW  PRINT  5  TD  23  :  CLS  i  VIEW  PRINT  1  TD  24 

1980  LOCATE  23,1  x  PRIInTT  "  Press  RETIPN  to  EM>  -  ANY  tiEY  othsrviisc" 

1990  Q«=IMIFY« 

2000  IF  LEN(a*)»C  T>EN  1990 
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2010  VIEW  PRINT  5  TO  23  :  a£  :  A/IEW  PRINT  1  TO  24  _ 

2020  IF  fleC(Q*)<>13  TVEN  LOCATE  i,35  :  PRINT  (VWL(Y4)-*-l)  :  QDTD  330 
2030  RETLFN 
2040  ' 

20SO  'RBCorrl  Exprifflental  Cmditiins 
2060  ‘ 

2070  VIEW  PRINT  6  TO  23  :  02  s  VIEW  PRINT  1  TO  24 
20GO  FOR  J*1  TO  5 

2090  LOCATE  (6«>J«2),1  :  PRINT  "Ccndition  ‘‘;J  'user  prompt 

2100  LOCATE  (6+2*J),16  :  If«TJr*“‘,C»(J) 

2110  PRINT  £2,OR»(34),C»(J),a«%»(34)  ‘smvm  cn  disc 

2120  NEXT 

2130  VIEW  PRINT  6  TO  23  :  CLS  t  VIEW  PRINT  1  TO  24 
2140  RETIRN 
2130  ' 

2160  ' 

2170  ‘  REM)  INITIAL  DATA 
2180  * 

2190  DAY*  ="1«7TH  JAMJRRY  1990  " 

2200  SAM=LE*=“SVr>LE  NICER  6  (PEimCNT  STRAIN  TEST)*' 

2210  AXZERCN  -l.OOOOOlE-02 
2220  T0RZERI>>-0! 

2230  Pajr=  100  :PHVF»100 

2240  CAL1=172  ;  CAL2=-13;  CAL5=-^7346!CAL6i=8294:CM.7*9429:CALB=GB40 

2230  CAL4»-4790:  CAL3s362D 

2260  COILS. 32 

2270  HDCP=»-1.S29 

2280  LVDT1=1.9B9 

2290  LVDT2=-2.O04 

2300  LV4JT3S-2.909 

2310  LV«JT4=>-2.305 

2320  RETLFN 

2330  'O^LOJLATE  blN-.SN^y)  AN)  FIN)  MAX-AN)  MIN. 

2340  RAD6Ss3.96825*(Pajr<.14«PIN».112} 

2350  CIRSS=35.71429* (POUT*.  14-PIN*.  112) 

2360  PUT  Isl  TO  SCAN 

2370  AXSS(I)=(R(l,I)-AX2EFD)»CALl-i-141.72»(.0196*P0Ur-.01254»PIN) 

2380  TTFSS(I)s(R(2,I)-T0RZEFD)*CAL2 

2390  TORRAf  S(JT(((A)(SB(I)-CIRSB)/2)^T0RS5(I)^) 

2400  NHCEs  (A)0S(I)-K:IRSS)/2 
2410  P(I)s  (AXSS(l)-»RAI3GS«CIRSB)/3 
2420  QCD’^ORRA 
2430  S51(I)»taRRA«tORCE 
2440  SS3(I)>mRCE-fORRA 

2450  OCTASSI I  )sSa%(  (S51(  I  )-RADeB)*'12«-(RADG5-SS3(  1 )  )*'24-(SSl  ( I  )-5S3(  I )  )^) t .7071 
2460  A^GGS(I)sATN(TIlTS8(I)/(S51(I)-CIRS5))»57.296 
2470  hEXT  I 
2480  * 

2490  FIN)  MAX  AN)  NIN  SIHEtji-ES 
2500  ' 
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2510  riAXl=-^?9999'  :  mNl=99999' aMINl 1=99999'  FDR  AXIAL  Sn^fcSb 
2520  riAX3=>-99999'  :  I1IN2=99999 !  :rtlNI2=99999  ■  FOR  TCRSICNflL  STFtSS 

2530  l1AXll=-99999!  :  MIN11=  99999?  'FCR  STFEBS  ANGLE 
2540  • 

2550  FIF  1=1  TD  SCAN 

2560  IF  Ai6(AXSS(I))<^INi  IVEN  niNl=«e6(AXSS( I ) ) :  nI^e5=  I 
2570  IF  ABS(KFSS(I))<:^lfC  TVEN  mf^=<»S(TCFSS( I) ) ;  MINTCR=  I 
2560  rEXT  I 

2590  IF  (ZERCO»  =  “A")  THEN  l«=♦1I^eB 
2600  IF  (ZEROCR*  =  “T")  TFEN  KK=«lMraR 
2610  Hl&M(l!:-t-16 
2620  LaiM(K-16 

2630  IF  LOiKl  TVEN  Law=l:HI(»=32:GaTD  :^>50 
2640  IF  HIOOSCAN  TVEN  LaW°€CAN-32tHia4:«CAN 
2650  FCF  KIM  TD  HI(M 

2660  IF  AXS5(I)>f1AXl  TVEN  nAXl«<0(SS(  I )  :  l1AXSSi=  I 
2670  IF  AXSSdXniNIl  TVEN  liINIl=^U(SS(  I )  :M5S=I 
2680  IF  TDRSS(I)>riAX2  TVEN  mX2^TDRSS(  I )  :I1AXT1M=  I 
2690  IF  TT3eS(I)<MINI2  TVEN  MINI^TTPSB(I)  iMTlI^I 
2700  IF  A^QB5(I)>^IAX11  TVEN  liAXll^yM3B5( I) 

2710  IF  ANQBSdXMINll  THEN  MINll=AM3BSd ) 

2720  NEXT  I 

2730  IF  (ZEFDGR*  =  "A")  TVEN  LL=t1AXSB!  m=^ES 
2740  IF  (ZEROOFt*  =  "T")  TVEN  LL'^iAXTDRsM1=mTF 
2750  RETURN 
2760  ' 

2770  CMXLLATE  RESILIENT  STRAINS 
2780  ' 

2790  FCR  I=UM  TD  HIW 

2800  TCRPd)=2*TDRSSd)/(Pd)4P(IOC)) 

2B10  AXST(  I  )=(  (R(6, 1  )-R(6,Kr.)  )«C»Lj64-(R(7,  I  )-R(7,KK)  )«CPL7) /2 
2820  CIRSTd)=(R(4,I)-R(4,KK))*QPL4 

2830  OBETI I  )=(  (R(5, 1  )-R(S,KK)  )<a«.54'(R(8, 1  }-R(8,KX)  )«CAL8)/2 
2840  RADSTd)=(R(3,I)-R(3,KK))*CRL3 
2850  TIFSTd)=^i»(2ttBSTd)-AX5rd)-CIRSTd))/2 
2860  MKPR*«GR(((AXSTd)-CIRSrd))/2)^TaSTd)''2) 

2870  rO«XAXSTd)-»CIRSTd))/2 
2880  va_STd)=AXSTd)-K:iRSrd)4«ADGTd) 

2890  SVEARSrd)stOER 
2900  sti^u-rrhehe: 

2910  ST3=mfC--rt>RR 

2920  QCTASTI I  )=EGF(  (STl-8T3)'^(STl-RADSr(  I )  )^(RAD8r(  I )-5T3)^)».4714 
2930  AM3Srd)=ATN(TDRSTd)/(Sri-CIRSrd)+l))»57.296 
2940  NEXT  i 
2950  ' 

2960  'CALOi-ATE  STTV^IN  snl  STRESS  IVMARIANTS  AT  nAXIMH  STRESS 
2970  ' 

2980  P1=R(KK);  P2'4=>(Li.);  Ql=a(KK):  02^(11.) 

2990  a»l=d/Pl  :  CP2sa2/P2 

3000  DQP=GP2-0P1;  aPlt*(GE*ai)/(Pl4P2) 
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3010  L2MX=(R(6,Li-)-R(6,KK))«CAL6 
3020  L3MX=(R(7,LL)-«(7,ICK))ttML7  ‘ 

3030  AXSTMX=(  (R(6,LL)-R(6,KK)  )«CMLi»+(R(7,LJL)-R(7,ICK)  )*C»L7)/2 
3040  CIRSrTMX»(R(4,LL)-R(4,KK))*C»L4 
3050  Llf1X=(R(5,U-)-R(5,KK))«CflL5 
3060  L4nX-(R(8,Li-)-R(B,IO(;})«OPLB 

3070  □BS1T1X=(  (R(5,LL)-R(5,10C)  )tCRL5«-(R(8,U_)-«(8,iaC)  )*0?L8)/2 
3080  RAD6mX-<R(3,Li.)-R(3,KK))«ai3 
3090  TORSTWXg-H  (2tOBgmX-AXSTMX-CIRSTWX )  /2 
3100  IW«BSGR(((AXSIMX-CIRSRa)/2)^TORSTT1X'^) 

3110  MCH«>(AXSmX4ClR5Tm)/2 
3120  V43.STT1Xs^WSTm4CIRSTm4fVV]8mx 
3130  SHEnRnX=41>FR 
3140  STl=^«f>m»K]«C 
3150  5T3s41>rc-«>FR 

3160  C]CTABmX=aW((Sri-ST3)'r24-(STl-«ftDSTT1X)^(RADGTMX-ST3)'r2)».4714 
3170  flNQSTMX=rtTN(TDRSniX/(Sri-CIR8TMX))»57.2% 

3180  ' 

3190  CALCULATE  PEFTVVtENr  STRAIN  AT  ORRENT  MINIliJi  STRESS  LEVEL 
3200  ■ 

3210  pl::^(R(6,kk)-lvet2)«c:pl6 
3220  PL3*(R(7,KK:)-LWT3)*05L7 

3Z30  AXSTPX=(  (R(6,ICK)H_\«T2)*C»L64-(R(7,IOC)-LVDT3)*CflL7)/2 
3240  CIRSTPX=(R(4,KK)-HXP)ICPL4 
3250  PIJL=(R(5,KK)-LV®T1)»C]AL5 
3260  PL4s<R(e,KK)-LVI7r4)taiS 

3270  CBSTPX»(  (R(5,KK)H.VETl)«C7«.54-(R(8,IO()H.VDT4)«CPIJB)/2 
3280  RM}6TPXs(R(3,KK)<-a)IL)«CAJS 
3290  ■raRSTPX=-l»(2»CBSTPX-AXSTFX-CIRSTPX)/2 
3300  rO«^«R(((AXSTPX-CIRSTPX)/2)'^TIFSTPX'^) 

3310  M>R>(AXSTPX-K:IRSTPX)/2 
3320  VDLSTPX^aSTPX-K:iRSTPX't«ADSTPX 
3330  9€ARPX«4i>FR 
3340  STl=tI>FR«f<ChR: 

3350  ST3=«>«:-ffMW 

3360  CCTAETPXs^WC (ST1-ST3)'^(ST1-RAD6TPX)'^(RRDSTPX-ST3)^)*.4714 
3370  flNBSIPX=^TN(TlFSTPX/(STl-CIRSTPX))»57.296 
3380  RETLFN 
3390  ' 

3400  *SEM)  RESULTS  AND  DATA  TD  PRINT 
3410  ' 

3420  LPRINT  ■•$«<««««««*«  DATA  FIUE  ”j(VAL(X»)-i-l) 

3430  LPRINT 

3440  LPRINT  "DATE  DAY* 

3450  LPRINT  "SWE  DESORIPTIOM  SPmE* 

3460  LPRINT 

3470  LPRINT  "<««««»««««*««««»«««««««  SET-UP  DATA 
3480  LPRINT 
3490  LPRINT 

3500  LPRINT  "CAL  FACHIF  &  IN.VDLTAS  FDR  AXIAL  STRESS  »"  {OPLl , AXZERC 

3510  LPRINT  "GPL  FACTIF  &  IN.VO-TAS  FIF  TCRSIOMAL  STRESS  a";CPL2,Ta^2ERD 

3520  LPRINT  "CAL  FACHDR  &  IN. VO.  FDR  AXIAL  STRAIN  (LV«}T2)  «"  ;CAL6,LV13T2 
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3530  LPRINT  "CAL  FACTCR  &  IN.V^  FIF  AXIAL  STRAIN  (LVDT3) 

3540  LPRINT  "CAL  FACTOR  &  IN.VOL-FOR  CIRCLM.  STRAIN  (KOP) 

3550  LFRINT  "CAL  FACTTF  &  IN.V^  FDR  45-OEB  STRAIN  (LVDTl) 

3560  LPRINT  "CAL  FACTOR  &  IN.VCL  FOR  45-CEB  STTWIN  {LVDT4) 

3570  LFRINT  "CAL  FACTOR  &  IN.VOL  FDR  RADIAL  STTV^IN  (COIL) 

3500  LPRINT 

3590  LPRINT  "tttttttttttttttttttt  LOM>  DAT 
3600  LPRINT 

3610  LPRINT  "IMvER  CHJ_  PRESSLRE(kPa) 

3620  LPRINT  "CUTER  m  I  PRE5SLFE  (kPa) 

3630  LPRINT  "MAXIMJM  AXIAL  SI  HESS  (kPa) 

3640  LPRINT  "MINIMJ1  AXIAL  STRESS  (kPa) 

3650  LPRINT  "MAXirtM  TORSIONAL  STRESS  (kPa) 

3660  LPRINT  "MINIMJM  TIFSICNAL  STRESS  (kPa) 

3670  LPRINT  "P  cne  (kPa) 


=" SCAL7,LVDT3 
=";CAL4,HaCP 
=";CAL5,LVDT1 
=“;CALB,LVDT4 
="  ;CAL3,a3IL 


tttttttttttttttttttt  LDfiO  DATA  tttttttttttttttttttttttt" 


=";PIN 

=";PCLrr 

=";MAX1 

="iMINIl 

=";MAX2 

=";MINI2 

=";P1 

=“;P2 

=";Q1 

=";GC 

=";QP1,QP2 

=“;D(P,GPM 


3670  LPRINT  "P  cne  (kPa)  =";P1 

3600  LPRINT  "P  two  (kPa)  =“;P2 

3690  LPRINT  "Q  one  (kPa)  ='‘;Q1 

3700  LPRINT  "Q  two  (kPa)  =";GC 

3710  LPRINT  "(Q/T’)  cne  &  (Q/P)  two  =";QP1,QP2 

3720  LPRINT  "QHANGE  &  l-EAN  (QyT>)  =“;D(P,GPM 

3730  LPRINT 

3740  LPRINT  "MAXIMLN  PRITCIPAL  STRESS  RDTATION  (EEEREE)  =";MAX11 

3750  LPRINT  "MINIMJ1  PRIhCIPAL  STRESS  ROTATICN  (DEIPEE)  =";MIN11 

3760  LPRINT 

3770  LPRINT  "tttttttttttttttttttttttt  STRAIN  DATA  tttttttttttttttttttttttt" 

3700  LPRINT 

3790  IF(ZERaCRst="A")  TVEN  LPRINT"2ERD  STRAINS  ABSLrtD  AT  ZERO  or  ABSOLUTE  MINIMU 
M  AXIAL  STRESS" 

3000  IF(ZERC]CR»="T")  TVEN  LPRINT"ZEFO  STRAINS  AGSLPED  AT  ZERO  or  <»SCLUTE  MINIMU 
M  TXFSICNAL  STRESS" 

3010  LPRINT 

3B20  LPRINT  "MAXIMH  STRESS  OBTAIhED  AT  SCAN  NIEER";  U_ 

3830  LPRINT  "MINIMLN  SIKESS  aSTAIhED  AT  SCAN  htTBER";  Ml 
3040  LPRINT  "ZERO  STRAIN  □BTAI^ED  AT  SCAN  NJ«ER";KK 
3850  LPRINT 

3860  LPRINT  "RESILIENT  STTV^INB  AT  MAXIMH  STRESS  ARE  AS  FOLLOWS:" 

3870  LPRINT  "RESILIENT  AX  STRAIN  (MICRDSTRAIN)  (AW/L2A3)  =";AXSTMX,L21X,L3MX 
3800  LPRINT  "RESILIENT  CIRCLM=ERENTIAL  STTWIN  (MICFDSTT»IN)  =";CIRSTMX 


3890  LPRINT  "RESILIENT  RADIAL  STTV^IN  (MHFD8TTWIN)  =";RPOSTMX 

3900  LPRINT  "RESILIENT  45  STRAIN  (MICFD8TRAIN)  (AW/L1A.4)  ="jOBSTMX,l_lJ1X,L4MX 

3910  LPRINT  "RESILIENT  TCFSIONPL  STRAIN  (MICRDSTT«IN>  =";TCFSTT1X 

3920  LPRINT  "FEBILIENT  VOJUMATRIC  STTV^IN  (MICROSTTV^IN)  =*';Va.STMX 

3730  LPRINT  "RESILIENT  MAX.a-EAR  STT^IN  (MICRDSTRAIN)  =";9KEARMX 

3740  LPRINT  "ANELE  OF  STTV^IN  INCRE^ENr  ROTATICN  =";AM3STMX 

3950  LPRINT 

3760  LPRINT  "ACCLM.  PERMAsENT  S^?AI^B  AT  CLFRENT  MINIMJ1  STRESS  ARE  AS  FOLLOWS:" 
3970  LPRINT 

3700  LPRINT  "PERMA^Nr  AX  STRAIN  (MICROSTOAIN)  (AWAJ2/L3)  =";AXSTPX,PL2,Pl-3 


=";AXSTPX,PL2,Pl-3 


3790  LPRINT  "PERMA^EN^  CIRCLM=ERENTIAL  STRAIN  (MICFDSTRAIN)  =";CIRSTPX 


4000  LPRINT  "PEPmvENT  45  STRAIN  (MICREBTOAIN)  (AN/1_1A.4) 
4010  LPRINT  "PERMPfENT  RADIAL  STRAIN  (MICROSTTWIN) 

4020  LPRINT  "FERMATENT  SKEAR  STT^IN  (MICRDBTRAIN) 

4030  LPRINT  "PERMArENT  VOLiJIATRIC  STRAIN  (MICFDSTRAIN) 
4040  RETLPN 


=";aBSn>X,PLl,PL4 

=";RADSTPX 

=“;SFEARPX 

=";VOLSTPX 
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APPENDIX  D 


MEASURED  STRESSES  AND  STRAINS  FROM  RESILIENT  STRAIN  TESTS 


D.  1  Results  from  Repeated-Load  Triaxial  Tests 


INITIAL  FINAL  INITIAL  FINAL 

FILE  EEVIATIP  EEVIATCR  CSX  ISJL  RADIAL  AXIAL 

JnLMBER  stress  stress  PFESSLRE  PRESSLfg  STRAIN  STRAIN 
(kPa)  (kPa)  (kPa)  (kPa)  (M*) 


1 

.0 

55.0 

.0 

101.0 

:t 

.0 

158.5 

4 

.0 

210.0 

5 

.0 

54.5 

6 

.0 

102.4 

7 

.0 

154.8 

8 

.0 

50.5 

9 

.0 

106.0 

10 

.0 

55.0 

11 

.0 

58.6 

12 

.0 

.0 

13 

.0 

.0 

14 

.0 

.0 

15 

.0 

.0 

16 

50.0 

50.0 

17 

50.0 

50.0 

18 

100.0 

100.0 

19 

.0 

227.0 

iSO.O  150.0 
150.0  150.0 

150.0  150.0 

150.0  150.0 

100.0  100.0 

100.0  100.0 

100.0  100.0 

70.0  70.0 

70.0  70.0 

50.0  50.0 

30.0  30.0 

3C.0  80.0 

50.0  100.0 

100.0  150.0 

50.0  150.0 

100.0  150.0 

50.0  100.0 

100.0  150.0 

150.0  150.0 


-41.0  170.0 

■“67.0  290.0 

-149.0  474.0 

-213.0  62B.0 

-52.0  227.0 

-134.0  425.0 

-201.0  585. 0 

-73.0  260.0 

-236.0  554.0 

-ISB.O  42B.0 

-228.0  645.0 

266.3  232.2 

240.9  72.4 

240.1  78.8 

309.8  278.2 

204.0  29.6 

245.4  39.8 

192.5  -20.2 

-252.0  619.0 
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D.2  Results  from  Repeated-Load  Hollow  Cylinder  Tests 


INITIAL  FINAL  INITIAL  FINAL  INITIAL  FINAL  INITIAL  FINAL  MBME  MBME  MBMS  MOAtE 


FILE  VBITICAL  «lTICALT06iaiALTaSI0IAL 

INER 

IMR 

OUIB) 

ono 

RADIAL  CIROII. 

AllAL  45106 

NHER 

STIiSS 

SINESS 

STRESS 

STRESS  r 

RESSK  FRESBME  PRESBUC  ARBBURE 

STRAIN 

STRAIN 

STRAIN 

STRAIN 

(kPi) 

(tf«l 

(kPtI 

(kPii 

(kPtI 

(tft) 

t|«» 

(tc) 

(IK) 

(VCl 

1 

.0 

.0 

.0 

.0 

100.0 

200.0 

100.0 

200.0 

480.7 

-15.3 

700.0 

-2.9 

2 

49.6 

49.2 

.0 

.0 

100.0 

200.0 

100.0 

200.0 

738.0 

-12.4 

710.0 

-59.0 

3 

lOl.O 

100.1 

.0 

.0 

100.0 

200.0 

100.0 

2D0.0 

677.0 

20.0 

630.0 

-110.0 

4 

99.8 

99.3 

.0 

.0 

100.0 

200.0 

100.0 

200.0 

303.3 

149.2 

630.0 

36.0 

5 

.0 

.0 

-19.9 

-19.9 

105.0 

100.0 

100.0 

100.0 

-40.7 

70.7 

.4 

61.0 

A 

.0 

.0 

20.1 

19.9 

103.0 

100.0 

100.0 

100.0 

-3B.S 

131.8 

6.7 

14.3 

7 

30.7 

49.6 

-20.1 

-19.9 

105.0 

100.0 

100.0 

100.0 

•38.6 

108.2 

-66.1 

10.3 

8 

49.7 

30.3 

.0 

.0 

110.0 

100.0 

100.0 

100.0 

-98.2 

286.3 

•61.5 

9.9 

9 

.0 

.0 

.0 

-10.6 

100.0 

100.0 

100.0 

100.0 

-138.6 

34.0 

482.0 

321.0 

10 

.0 

.0 

.0 

-20.8 

100.0 

100.0 

100.0 

100.0 

-137.5 

39.0 

539.1 

461.7 

11 

.0 

53.7 

.0 

.0 

100.0 

100.0 

100.0 

100.0 

-170.7 

-60.8 

552.0 

426.2 

12 

.0 

34.6 

.0 

-20.0 

100.0 

100.0 

100.0 

100.0 

-172.3 

-30.5 

654.9 

306.3 

13 

.0 

.0 

.0 

-29.0 

100.0 

100.0 

100.0 

100.0 

-167.4 

40.0 

567.9 

339.5 

14 

.0 

53.7 

.0 

-29.3 

100.0 

100.0 

100.0 

100.0 

-164.7 

■43.9 

608.8 

568.0 

IS 

.0 

103.6 

.0 

.0 

100.0 

100.0 

100.0 

100.0 

-231.0 

-125.0 

739.2 

480.7 

16 

.0 

.0 

.0 

-38.8 

100.0 

100.0 

100.0 

100.0 

-154.9 

32.0 

612.6 

603.6 

17 

49.2 

30.9 

.0 

.0 

103.0 

100.0 

100.0 

100.0 

17.5 

93.7 

-49.9 

-38.8 

18 

49.3 

49.5 

-20.1 

-20.0 

110.0 

100.0 

100.0 

100.0 

-93.4 

274.5 

-25.8 

7.8 

19 

.0 

.0 

-39.9 

-40.0 

105.0 

100.0 

100.0 

100.0 

-38.5 

125.4 

-36.7 

71.8 

20 

99.7 

99.2 

.0 

.0 

103.0 

100.0 

100.0 

100.0 

-45.8 

92.2 

98.0 

-16.6 

21 

49.7 

30.1 

-39.9 

•40.0 

105.0 

100.0 

100.0 

100.0 

-43.8 

120.0 

71.0 

96.6 

22 

99.3 

99.8 

-19.9 

-19.9 

105.0 

100.0 

100.0 

100.0 

-42.7 

89.6 

67.7 

14.0 

23 

.0 

152.7 

.0 

.0 

100.0 

100.0 

100.0 

100.0 

-310.3 

-227.7 

863.8 

496.9 

24 

.0 

.0 

-20.0 

-19.9 

73.0 

70.0 

70.0 

70.0 

-85.3 

139.3 

90.7 

23.4 

23 

.0 

.0 

20.0 

19.9 

75.0 

70.0 

70.0 

70.0 

-83.8 

217.9 

53.2 

63.8 

26 

49.8 

30.4 

.0 

.0 

75.0 

70.0 

70.0 

70.0 

-102.5 

163.3 

33.9 

23.0 

27 

31.4 

49.9 

-19.9 

-20.0 

75.0 

70.0 

70.0 

70.0 

-57.2 

132.7 

-40.0 

70.1 

28 

.0 

.0 

.0 

-20.5 

70.0 

70.0 

70.0 

70.0 

100.0 

59.0 

333.1 

493.4 

29 

.0 

31.4 

.0 

.0 

70.0 

70.0 

70.0 

70.0 

-186.4 

-88.7 

643.6 

445.3 

30 

.0 

34.4 

.0 

-19.3 

70.0 

70.0 

70.0 

70.0 

-169.0 

-63.0 

620.8 

513.9 

31 

.0 

.0 

.0 

-29.7 

70.0 

70.0 

70.0 

70.0 

-144.0 

59.0 

384.9 

571.2 

32 

.0 

34.9 

.0 

-29.8 

70.0 

70.0 

70.0 

70.0 

-2U.4 

-47.6 

609.2 

557.4 

33 

.0 

101.4 

.0 

.0 

70.0 

70.0 

70.0 

70.0 

•253.8 

-177.9 

743.8 

473.1 

34 

.0 

102.9 

.0 

-10.2 

70.0 

70.0 

70.0 

70.0 

-233.7 

-153.0 

796.8 

309.4 

33 

.0 

.0 

.0 

.0 

50.0 

100.0 

30.0 

100.0 

596.5 

98.9 

700.0 

22.8 

36 

30.4 

48.1 

.0 

.0 

30.0 

100.0 

30.0 

100.0 

448.5 

128.9 

630.0 

51.4 

37 

.0 

51.8 

.0 

.0 

30.0 

30.0 

30.0 

30.0 

-172.8 

•98.5 

601.2 

433.3 

38 

.0 

38.1 

.0 

-10.4 

30.0 

30.0 

30.0 

30.0 

-205.4 

-81.1 

643.7 

311.0 

39 

.0 

34.4 

.0 

-20.1 

30.0 

30.0 

30.0 

30.0 

-220.7 

-47.7 

601.3 

589.6 

40 

.0 

.0 

.0 

-20.2 

30.0 

30.0 

30.0 

30.0 

-153.3 

80.0 

612.0 

556.7 

41 

.0 

.0 

.0 

.0 

30.0 

80.0 

30.0 

80.0 

615.0 

129.0 

800.0 

38.0 

42 

.0 

24.6 

.0 

.0 

30.0 

30.0 

30.0 

30.0 

-153.3 

-62.7 

575.6 

416.3 

43 

.0 

26.4 

.0 

-9.3 

30.0 

30.0 

30.0 

30.0 

-138.2 

-47.3 

556.0 

470.8 

44 

.0 

.0 

.0 

-9.6 

30.0 

30.0 

30.0 

30.0 

-131.0 

39.0 

513.6 

464.6 

43 

.0 

102.8 

.0 

-39.0 

130.0 

130.0 

130.0 

130.0 

-193.5 

-60.0 

390.3 

466.8 
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INITIN.  FINN.  INITIAL  FINN.  INITIAL  FINAL  INITIAL  FINAL  mtBL  tUOm.  NCRAGE  mtBL 


FILE 

VERTICAL  ^CRTICALUKIDNALTORSIOIAL 

me 

iNe 

BITER 

OUTER 

RADIAL 

CIRCUI. 

AIIAL  49  SORE 

MER 

STRESS 

STRESS 

STRESS 

STRESS  1 

F9€SSURE  FRESBUC  PRESSUE  PRES8US 

STRAIN 

STRAIN 

STRAIN 

STRAIN 

(kPa) 

(kPi) 

(kPt) 

tkPi) 

(kRt) 

(kP*l 

(kP*) 

(kPa) 

(Wi) 

(IK) 

(IK) 

(IK) 

46 

.0 

148.9 

.0 

.0 

190.0 

190.0 

190.0 

190.0 

-179.9 

-136.4 

730.9 

426.7 

47 

.0 

190.4 

.0 

-20.1 

190.0 

190.0 

190.0 

190.0 

-225.0 

-112.1 

799.3 

478.4 

46 

.0 

149.4 

.0 

-39.6 

190.0 

190.0 

190.0 

190.0 

-241.9 

-98.3 

717.9 

925.0 

49 

.0 

202.4 

.0 

.0 

190.0 

190.0 

190.0 

190.0 

-264.1 

-212.9 

814.8 

436.0 

90 

.0 

201.8 

.0 

-20.0 

190.0 

190.0 

190.0 

190.0 

-271.7 

-179.9 

797.1 

469.8 

91 

.0 

201.9 

.0 

-39.0 

190.0 

190.0 

190.0 

190.0 

-243.5 

-157.8 

791.6 

909.9 

92 

.0 

291.0 

.0 

.0 

190.0 

190.0 

190.0 

190.0 

-343.9 

-274.3 

869.6 

446.2 

53 

.0 

293.1 

.0 

-19.8 

190.0 

190.0 

190.0 

190.0 

-339.7 

-243.7 

903.3 

497.8 

94 

.0 

254.1 

.0 

-40.9 

190.0 

190.0 

190.0 

190.0 

-323.9 

-224.7 

904.6 

921.2 

99 

.0 

.0 

-39.8 

-39.8 

110.0 

100.0 

100.0 

100.0 

-143.3 

935.1 

-21.1 

29.9 

96 

96.6 

100.2 

.0 

.0 

110.0 

100.0 

100.0 

100.0 

-102.0 

342.7 

29.1 

86.9 

97 

90.7 

49.7 

-39.7 

-39.8 

110.0 

100.0 

100.0 

100.0 

^3.9 

389.0 

-2.8 

82.2 

96 

100.2 

100.9 

-39.7 

-39.7 

109.0 

100.0 

100.0 

100.0 

-46.8 

114.4 

99.5 

64.2 

99 

100.5 

98.9 

-19.9 

-19.9 

110.0 

100.0 

100.0 

100.0 

-79.9 

304.4 

10.6 

49.9 

60 

99.0 

96.9 

-39.9 

-39.8 

110.0 

100.0 

100.0 

100.0 

-149.3 

989.1 

18.2 

161.8 

61 

.0 

194.6 

.0 

-19.8 

100.0 

100.0 

100.0 

100.0 

-253.3 

-187.9 

706.6 

489.4 

62 

.0 

196.4 

.0 

-38.8 

100.0 

100.0 

100.0 

100.0 

-277.7 

-178.3 

729.4 

929.6 

63 

.0 

201.8 

.0 

.0 

100.0 

100.0 

100.0 

100.0 

-332.1 

-309.4 

820.9 

409,0 

64 

.0 

204.2 

.0 

-20.1 

100.0 

100.0 

100.0 

100.0 

-332.6 

•300.8 

931.9 

471.5 

69 

.0 

203.9 

.0 

-40.4 

100.0 

100.0 

100.0 

100.0 

-359.2 

-283.9 

869.0 

532.5 

66 

48.9 

49.7 

.0 

.0 

80.0 

70.0 

70.0 

70.0 

-202.6 

766.1 

35.3 

246.4 

67 

100.9 

99.2 

.0 

.0 

75.0 

70.0 

70.0 

70.0 

-82.7 

223.9 

30.6 

49.3 

66 

100.2 

101.0 

-19.8 

-19.9 

75.0 

70.0 

70.0 

70.0 

-86.6 

267.1 

-52.5 

1.2 

69 

90.8 

49.3 

-39.7 

-39.8 

79.0 

70.0 

70.0 

70.0 

-80.2 

347.1 

-2B.0 

-6.3 

70 

.0 

104.9 

.0 

-20.0 

70.0 

70.0 

70.0 

70.0 

-242.4 

-154.3 

697.6 

490.0 

71 

.0 

91.6 

.0 

-39.9 

70.0 

70.0 

70.0 

70.0 

-169.0 

-61.9 

912.1 

557.4 

72 

.0 

.0 

.0 

-39.7 

70.0 

70.0 

70.0 

70.0 

-137.0 

100.0 

433.4 

617.8 

73 

.0 

101.9 

.0 

-39.5 

70.0 

70.0 

70.0 

70.0 

•266.9 

-119.9 

689.2 

573.5 

74 

.0 

192.9 

.0 

.0 

70.0 

70.0 

70.0 

70.0 

-306.9 

-276.2 

841,6 

394.3 

75 

.0 

151.3 

.0 

-19.9 

70.0 

70.0 

70.0 

70.0 

-291.9 

-234.9 

757.7 

491.7 

76 

.0 

.0 

-20.0 

-20.0 

99.0 

90.0 

90.0 

90.0 

-108.9 

530.6 

23.9 

134,3 

77 

49.6 

90.9 

.0 

.0 

99.0 

90.0 

90.0 

90.0 

-66.9 

313.3 

•19.8 

48.7 

78 

49.7 

91.3 

-19.8 

-19.9 

99.0 

90.0 

50.0 

90.0 

-119.6 

417.9 

47.1 

94.2 

79 

90.9 

49.9 

19.9 

19.8 

95.0 

90.0 

90.0 

90.0 

-194.9 

910.2 

96.1 

238.6 

80 

.0 

92.8 

.0 

-30.4 

90.0 

90.0 

90.0 

90.0 

-222.8 

-74.3 

549.2 

968.9 

81 

.0 

.0 

.0 

-29.3 

90.0 

90.0 

90.0 

90.0 

-157.1 

109.0 

392.8 

997.0 

82 

.0 

109.2 

.0 

.0 

90.0 

90.0 

90.0 

90.0 

-299.1 

-232.7 

825.1 

396.7 

63 

.0 

100.6 

.0 

-20,8 

90.0 

90.0 

90.0 

90.0 

•2B7.0 

-167.9 

700.7 

488.9 

84 

.0 

90.0 

.0 

.0 

30.0 

30.0 

30.0 

3D.0 

-231.0 

-137.1 

617.1 

392.7 

89 

.0 

47.9 

.0 

-9.9 

30.0 

30.0 

30.0 

30.0 

-204.3 

-U0.7 

990.6 

460.0 

66 

.0 

52.2 

.0 

-21.2 

30.0 

30.0 

30.0 

30.0 

•248.4 

-111.6 

980.7 

546.8 

87 

199.1 

196.8 

.0 

.0 

109.0 

100.0 

100.0 

100.0 

-31.9 

108.4 

90.8 

36.9 

86 

200.0 

198.2 

-19.9 

-19.9 

105.0 

100.0 

100.0 

100.0 

-43.8 

98.3 

40.4 

28.7 

89 

198.3 

199.9 

-39.7 

-39.9 

105.0 

100.0 

100.0 

100.0 

-77.7 

199.8 

14.6 

76.6 

90 

199.0 

199.7 

39.9 

39.9 

109.0 

100.0 

100.0 

100.0 

-29.6 

179.4 

-6.7 

62.9 

91 

201.5 

197.1 

.0 

.0 

110.0 

100.0 

100.0 

100.0 

-104.7 

424.0 

16.1 

156.0 

92 

.0 

294.4 

.0 

.0 

100.0 

100.0 

100.0 

100.0 

-442.9 

-445.2 

972.6 

401.2 

93 

.0 

253.7 

.0 

-20.1 

100.0 

100.0 

100.0 

100.0 

-434.2 

-404.6 

1,066.9 

494.7 

94 

.0 

246.6 

.0 

-39.9 

100.0 

100.0 

100.0 

100.0 

-406.9 

-346.0 

1,064.9 

991.1 

95 

.0 

.0 

-39.8 

-40,0 

75.0 

70.0 

70.0 

70.0 

-63.5 

463.5 

5.0 

141.0 

T 


INITIAL 

FINAL 

INITIAL 

FINAL 

INITIAL 

FINAL 

INITIAL 

FINAL 

M0ME 

A0ERA8E 

Fill 

UBTICAL  VERTICALTDSIflNALTORSIOML 

iwe 

im 

OUTER 

aUTBT 

RAOIAL 

CHOII. 

AlIAL  43IE86 

\im 

smss 

S11E8S 

SHESS 

STRESS 

P8ESSK  nssax  FIBEK  nESBUE 

8TNUN 

STTMN 

snuN 

STTMM 

(kPai 

(kPi) 

(kPa) 

(kPi) 

(kPil 

llPil 

(tfi) 

(kPa) 

(Ui) 

(ja) 

(«) 

itff) 

96 

99.3 

99.3 

-39.8 

-39.8 

73.0 

70.0 

70.0 

70.0 

-112.2 

217.7 

129.9 

57.1 

97 

98.8 

99.6 

.0 

.0 

80.0 

70.0 

70.0 

70.0 

-200.7 

826.3 

42.3 

244.0 

98 

99.7 

99.8 

-20.0 

-20.0 

80.0 

70.0 

70.0 

70.0 

-136.4 

703.4 

.3 

219.2 

99 

.0 

134.8 

.0 

-39.3 

70.0 

70.0 

70.0 

70.0 

-367.9 

-263.0 

99.6 

380.2 

too 

.0 

202.3 

.0 

.0 

70.0 

70.0 

70.0 

70.0 

-441.3 

-406.8 

973.8 

413.8 

101 

.0 

198.9 

.0 

-20.1 

70.0 

70.0 

70.0 

70.0 

-430.4 

-351.7 

i,oa.2 

497.7 

102 

98.8 

99.3 

.0 

.0 

33.0 

30.0 

30.0 

30.0 

-70.4 

344.9 

64.0 

127.0 

103 

.0 

106.9 

.0 

-30.3 

30.0 

30.0 

30.0 

30.0 

-380.4 

-229.1 

836.0 

3B.6 

IM 

.0 

33.4 

.0 

-39.6 

30.0 

30.0 

30.0 

30.0 

-238.6 

•132.6 

323.6 

666.9 

109 

.0 

193.3 

.0 

.0 

30.0 

30.0 

30.0 

30.0 

-407.1 

-421.2 

1,004.6 

397.4 

106 

.0 

.0 

.0 

-20.1 

30.0 

30.0 

30.0 

30.0 

•133.8 

-U4.7 

349.3 

346.3 

107 

20.0 

20.0 

.0 

-19.3 

110.0 

110.0 

100.0 

100.0 

132.6 

23.0 

318.8 

438.4 

108 

24.0 

76.0 

.0 

.0 

110.0 

uo.o 
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The  range  of  b-values  and  angles  of  principal  plane  rotation  are  summarized  in  Figures 
D- 1  and  D-  2  respectively. 
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ure  D-1.  Range  of  b-Valucs  used  in  Resilient  Strain  Tests  carried  out  with  the 
Repeated-Load  Hollow  Cylinder  Test  Apparatus. 
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Figure  D-2.  jnge  of  Angles  of  Principal  Plane  Rotation  used  in  Resilient  Strain 
Tests  carried  out  with  the  Repeated*Load  Hollow  Cylinder  Test 
Apparatus. 
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